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Preface 

The Nordic Fire & Safety Days (NFSD) is an annular conference on Fir and Safety in the Nordic 
countries. The conference is organized by RISE Research Institutes of Sweden and RISE Fire Research 
Norway, in collaboration with Norwegian University of Science and Technology (NTNU), the Technical 
University of Denmark, Lund University, Aalto University, Luleå University, University of Stavanger, 
Western Norway University of Applied Sciences, Iceland University, VTT Technical Research Centre of 
Finland Ltd and the Danish Institute of Fire and Security Technology. NFSD are developed as a 
response to the extensive interest in the areas of fire and safety engineering in the Nordic countries. 
The conference in 2018 was hosted by the NTNU in Trondheim, Norway. 

Fire safety has been a major concern for societies since civilizations emerged. Protecting people, 
assets and environments from fires have been approached from many perspectives and scientific 
disciplines. The Nordic Fire & Safety Days 2018 bridges the two stances of fire engineering and fire 
rescue.  

Regulations and practices established for fire safety engineering emphasize materials, fire dynamics, 
and how to prevent and protect against fire hazards in engineered systems that also include 
evacuation from fires. The designs of the systems are more or less independent from considerations 
of the actual uses of the systems when put in operation. The predominant knowledge is 
characterized by regulations, norms and recognized practices, simulation models and to some extent 
low scale experiments.  

This year´s Nordic Fire & Safety Days hosted 134 delegates who enjoyed two days of knowledge-
sharing from 66 presentations, discussions and social arrangements. The works presented at the 
Nordic Fire & Safety Days 2018 demonstrated a significant scientific depth and societal relevance. 
Some of the work presented at the conference resulted in the 22 papers included in this publication.  

The topic of Nordic Fire & Safety Days is: From fire safety engineering to fire rescue - feed-back 
mechanisms to foster improvements. This book of papers is structured in accordance with the topic 
chosen for the conference, with basic knowledge (Fire dynamics) for both Fire safety engineering 
(Structural fire safety; Fire safety engineering; Fire and materials; Tunnel fire safety) and Fire 
response (Pre and post fire emergency activities). 

Anne Dederichs, Ove Njå, Luisa Giuliani and Aleksandra Zawadowska 
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ABSTRACT 

Fires and earthquakes are accidental actions with a low 

probability of occurrence [1], however a large number of 

earthquakes have been followed by fires resulting in large 

amounts of material damage. The aim of this study is to 

investigate the effect of earthquakes on the fire resistance of 

insulated moment resisting frames. For this purpose, a 

numerical study of post-earthquake fire performance has been 

carried out with focus on the influence of the damage of the 

silicate-based construction board used for insulation. The 

results demonstrate that the earthquake induced loss of 

insulation may alter the collapse mechanism and decreases 

substantially the fire resistance of both 5 and 10 storey steel 

frames. 

INTRODUCTION 

An increasing attention has been given to the events of 

post-earthquake fires, especially in recent years. This interest 

is mainly attributed to the structural design approach for 

accidental loading, where only one action is considered at a 

time. In turn, there is no design situation where two 

concomitant accidental loads are affecting the structure. As an 

example, different load combinations imposed by the 

Eurocode [2] are reported in Eq. 1-3, one for ultimate limit 

state design to permanent and variable loading, a loading 

combination for earthquake and a fire scenario load 

combination. 

𝑈𝐿𝑆: ∑ 𝛾𝐺,𝑗𝐺𝑘,𝑗

𝑗≥1

+ 𝛾𝑄,1𝑄𝑘,1 + 𝛾𝑄,𝑖𝜓0,𝑖𝑄𝑘,𝑖 (1)

𝑆𝐸𝐼𝑆𝑀𝐼𝐶: ∑ 𝐺𝑘,𝑗

𝑗≥1

+ 𝐴𝐸𝑑 + ∑ 𝜓2,𝑖𝑄𝑘,𝑖

𝑖≥1

(2)

𝐹𝐼𝑅𝐸: ∑ 𝐺𝑘,𝑗

𝑗≥1

+ 𝐴𝑑 + 𝜓1/2,𝑖𝑄𝑘,1 + ∑ 𝜓2,𝑖𝑄𝑘,𝑖

𝑖>1

(3)

When a structure is subjected to an accidental action, a 

significant reduction of the permanent and variable loads is 

introduced in the respective load combination. However, these 

reduced load values combined with damage sustained during 

the earthquake, could potentially lead to premature collapse of 

the structure. 

Recent historical events documented by Scawthorn [3], 

suggest that a structure which has previously experienced an 

earthquake, would not be as resistant to fire action as the 

integer structure. The reasons for this behaviour were 

proposed by Della Corte et al. [4], as the first two for 

uninsulated frames: 

- Mechanical damage represented by the degradation of

material properties of elements undergoing plastic

deformations during the earthquake;

- Geometrical damage due to residual deformations of the

structure produced by plastic hinge formation;

- Loss of insulating materials due to excessive deformations.

The mechanical damage, although significant in some

cases, may be considered negligible for steel frames designed 

and investigated in accordance with current seismic codes [4]. 

In the case of adequately designed structures to earthquake 

which meet the drift limitation requirement, it is realistic to 

assume that there is limited degradation of structural 

properties taking place, for earthquake intensities not 

exceeding the design performance level. 

Geometrical damage has been the subject of multiple other 

studies, as it may result in additional stresses affecting the 

structural elements. In a previous work [5], the authors 

concluded that, a previous earthquake does not significantly 

reduce the fire resistance of uninsulated steel moment resisting 

frame (MRF) structures of different heights, indicating that the 

geometrical effect may not be relevant for buildings up to 10 

storeys. Similar conclusions on the fire resistance of 

uninsulated frames have been drawn by other authors, who 

observed that only very rare and severe earthquakes [4], [6], 

[7] lead to significant reductions of the fire resistance.

All the studies mentioned above refer to buildings

designed against earthquake but not against fire, i.e. have 

unprotected steel elements. However, most steel structures 

need insulation in order to resist fire action. During the 
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seismic motion, steel elements undergo significant 

deformations in order to dissipate the energy by ductile 

behaviour. These deformations may induce damages or 

cracking of insulating panels or a detachment of spray-applied 

insulation, thus leading to faster heating of the elements and a 

reduced fire resistance of the structure. 

Arablouei et al. [8] performed a numerical analysis on the 

behaviour of insulated moment resisting frames when affected 

by fire or explosions. The chosen insulation was a spray 

applied fire resisting material (SFRM) and two locations of 

insulation loss were considered: i) insulation delamination 

localized at the plastic hinge area on the beam; ii) loss of the 

whole insulation on the column. The extent of insulation 

delamination is taken from previous studies based on fracture-

mechanics [9]. The results showed a significant reduction of 

the time until failure for delamination of the insulation of only 

25%, for both beams and columns. It was concluded, that 

additional measures must be taken to prevent insulation 

delamination from critical locations during extreme loading 

scenarios. A study on the effect of partial loss of fire 

protection on the fire resistance of steel columns was 

performed by Tomecek et al. [10]. Three columns were 

studied by means of a numerical analysis, insulated by a 

cementitious spray-applied material. It was observed that a 

significant reduction of the time until collapse occurs, 

depending on the amount of insulation removed, cross-

sectional dimensions of the column and location of protection 

loss.  

The presented studies involved spray-applied insulating 

material, whilst another concern is represented by the 

detachment of insulating panel boards, which may expose 

larger areas of the steel profile. Therefore, it is important to 

investigate the problem further, as the type of insulation may 

have a different impact on the fire resistance of the structure. 

The present study is based on the results of a previous 

analysis of uninsulated moment resisting frames [5], which 

were first analysed as unprotected against fire. This analysis 

enabled a better and more thorough understanding of the role 

of the different elements in the collapse of the original 

structural system, and the failure mechanisms developing 

within the structure during a post-earthquake fire were 

identified. In the current investigation, the same frames are 

designed against fire according to the resistance classes 

indicated by the Danish regulations [11]. Then, the fire 

resistance of the insulated frames is evaluated by a numerical 

model developed in Abaqus [12] and compared with the post-

earthquake fire resistance of the frames in case of different 

damage levels of the insulation of one column exposed to fire. 

BASIS OF ANALYSIS 

Structural detailing 

Two steel moment resisting frames are designed for 

seismic and vertical loading based on the Eurocode criteria 

[13], [14]. A 5-storey structure was originally chosen from 

literature [6] (Frame A) and redesigned to comply with 

modern seismic codes, whilst a second frame (Frame B) of 

double height is designed based on the same principle. The 

model assumes a high ductility class (DCH), in order to 

observe the behaviour of structures with high dissipative 

capacity. 

The models are 2-dimensional models, in order to reduce 

the computational time and required capacity.  

The loads acting during earthquake are calculated using 

Eq. 2, whilst for fire action on the frame the loads are 

determined according to Eq. 3. 

Insulation Modelling 

A fire resistance of 120-minutes to standard fire exposure 

is considered for the insulation design of both frames, 

according to specifications of the Danish regulation [11] for 

buildings taller than 12 m. For the sake of simplicity, a 

resistance of 120-minutes is assumed on all the structural 

elements, although the last floor may be designed to resist 60-

minutes according to the aforementioned standard. All 

structural members are insulated with a commercial model of 

silicate-based construction board with cement binder having a 

thermal conductivity of 0.175 W/mK. All profiles are boxed, 

leading to protection being provided on four side for the 

columns, respectively on three sides for the beams. The 

insulation thicknesses of beams and columns are calculated by 

means of the design tables presented in [15] and are shown in 

Table 1. 

Table 1: Critical temperatures and insulation dimensions 

Element Critical temperature 

[°C] 

Insulation thickness 

[mm] 

IPE400 660 25 

IPE550 730 20 

HEB550 720 12 

HEB800 640 15 

The loss of insulation can be attributed to large 

deformations occurring during the earthquake, as the structure 

dissipates energy. In reality, detachment of the panels is 

anticipated to be localized, particularly around the plastic 

hinge formation zones on the beams or on the columns 

(critical lengths). However, as a simplification, the insulation 

loss is modelled to be constant along the entire column length; 

this assumption is supported by the high thermal conductivity 

of steel. Under these conditions, the insulation damage can be 

directly related to the decrement of thermal resistance of the 

insulation. Thus, the amount of insulation damage is not 

modelled, but different levels of damage are considered by 

reducing the thermal resistance of the element. Five intervals 

are defined by different percentages of thermal resistance, the 

number describing the insulation integrity as 0%, 25%, 50%, 

75% and 100% (fully insulated).  

The insulation loss is applied as a constant temperature 

increase to one column (left-ground floor element), considered 
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to occur as a result of the large inter-storey drifts, as 

previously specified. The temperature is calculated from Eq. 4, 

provided in [16]. 

𝛥𝑇𝑠 =
1

𝜌𝑠𝑐𝑝,𝑠

𝐴𝑖𝑛 𝑉𝑠⁄

(𝑑𝑖𝑛 𝜆𝑖𝑛)⁄
(𝑇𝑔 − 𝑇𝑠)Δt (4)

Methodology 

The ULS and seismic design was done in the commercial 

software SAP2000 [17], according to up-to-date steel and 

seismic design codes. Furthermore, a sequential analysis is 

performed in Abaqus in three separate steps: 

- Normal loading – permanent and variable loads are applied

as line loads to the beams, based on the estimated values of

2 kN/m
2
 and 4 kN/m

2
 for floors, respectively 3.5 kN/m

2

and 1.5 kN/m
2
 for the roof;

- Seismic loading – By means of implicit dynamic analysis,

the earthquake is applied at the base of the columns as

acceleration time history;

- Temperature loading – The fire action is introduced in a

second implicit dynamic analysis, where increasing

temperatures are applied to the affected elements.

Second order effects are taken into consideration by

accounting for nonlinear geometry. Validation of the models 

has been performed by analysing single-elements and simple 

portal frame structures at elevated temperatures and seismic 

action followed by a comparison with analytic results. 

Material model 

A thermo-plastic material is chosen to represent the 

response of steel at elevated temperatures based on the 

degradation of stiffness and strength defined by Hertz [18]. 

Other material properties at elevated temperatures are 

calculated according to the Eurocode [16]. 

The multi-linear stress-strain diagram used for the material 

model is represented in Figure 1. Several points are defined 

which constitute the curves, dividing the strain into 3 main 

ranges: an elastic behaviour is assumed up to the 0.2% proof 

stress, an elasto-plastic response represented by a bi-linear 

region up to 2% deformation, followed by a perfectly plastic 

range up to 20% deformation.  

Material degradation due to seismic loading was 

disregarded, and the main reasoning behind this is that a frame 

designed for an earthquake of similar intensity as the one 

applied would not suffer significant material damage. 

Moreover, the reduction in strength after the (15%) limiting 

strain presented in the Eurocode [16] is neglected, in order to 

capture numerically the collapse mechanism. 

Figure 1.  Material model at elevated temperatures 

Seismic parameters 

The seismic motion is applied at the base of the structure 

by means of recorded accelerograms. An artificial record of an 

earthquake is pre-processed by scaling it to the selected peak 

ground acceleration PGA=0.36g. A comparison of the 

response spectrum of the chosen earthquake and the design 

response spectrum suggested by the Eurocode [14] is shown in 

Figure 2. 

Figure 2. Comparison of response spectrum and applied 

earthquake 

Fire modelling 

The fire development is simulated by means of the 

standard fire curve [19], applied on all the affected members 

of the fire. A single fire scenario is examined on the ground 

floor left bay of both frames (Figure 3), according to the 

assumption that each bay represents a separate fire 

compartment in the building. All structural elements of the 

bay, namely one beam and two columns, are fire-exposed, 

according to the assumption of a post-flashover compartment 

fire. This fire scenario proved to be one of the most significant 

location for the fire response in the uninsulated frames in case 

of a post-earthquake fire (PEF) [5] and is therefore chosen for 

this study on insulated frames. 
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Figure 3. Fire scenario investigated in Frame A (left) and Frame B 

(right) 

RESULTS 

 

Earthquake analysis 

Earthquake results are presented in terms of the 

displacement of each floor with respect to another, i.e. inter-

storey drifts. The inter-storey drift ratios having maximum 

values at each floor level, the envelope and the residual drifts 

are depicted in Figure 4 and Figure 5. A permanent 

displacement of the structure can be noticed at the end of the 

seismic motion (residual inter-storey drifts). In addition to this 

displacement, a redistribution of the stresses resulted in the 

bending moment on the beam to resemble the distribution it 

would have on a simply supported beam. This is attributed to 

the plastic hinge formation at the beam ends, next to the beam-

column joints. 

 

Figure 4. Inter-storey drift ratio for Frame A 

 

Figure 5. Inter-storey drift ratio for Frame B 

Fire and post-earthquake fire analysis 

The same scenario was investigated where fire is assumed 

to act on one compartment located at ground level, at left-hand 

side. The response in elevated temperature is described for the 

elements involved in the fire, specifically the affected beam-

column node. The increased temperature on the column due to 

loss of insulation is uniform along the entire length of the 

column.  

For different percentages of insulation loss, different 

responses of the beam and column are observed. For larger 

amounts of insulation loss, the steel is subjected to higher 

temperatures, leading to a more rapid decrease of the stiffness 

and strength of the column. Consequently, this increases the 

bending moment acting on the column, as the upper node is 

pushed outwards, reducing the restraint of the left support 

node of the beam. In this latter case, the beam is less solicited 

in terms of axial loading, the time until failure of the column 

being significantly decreased. 

The global response of the steel frames during the thermal 

analysis is described in the following sections, for different 

ranges of insulation loss. A clear global collapse is not 

observed for Frame B in the following figures (Figure 6 and 

Figure 7) due to convergence and an abrupt stop of the 

analysis. However, this does not mean that the taller structure 

is less susceptible to failure in comparison with the 5-storey 

frame. It seems reasonable to expect that failure will follow 

shortly after the loss of stability of the two columns, which 

can be confirmed by the plastic strain developing in the 

column nodes. 

For small percentages of insulation reduction (insulation 

integrity 100-50%), the collapse seems to follow the same 

progression as the uninsulated steel frames investigated in [5], 

for both Frame A and Frame B (Figure 6): 

- All elements are subjected to thermal elongation in the 

elasto-plastic domain; 

- The beam fails due to formation of three plastic hinges and 

undergoes large deflection and hinge rotation; 

- Failure of the first column with reduced insulation, 

followed by the second column; 

- Presumable global collapse of the structure, as a 

consequence of the loss of two columns at ground floor. 
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Figure 6. Failure mode of Frame A (top) and Frame B (bottom) for 

small amounts of insulation damage (insulation integrity 50-

100%) 

 

Figure 7. Failure mode of Frame A (top) and Frame B (bottom) for 

large amounts of insulation damage (insulation integrity less 

than 25%). 

However, for large percentage reductions of the insulation 

(insulation integrity of less than 25% for Frame A, 

respectively 50% for Frame B) the collapse changes 

significantly (Figure 7): 

- All elements are subjected to thermal elongation entering 

the elasto-plastic domain; 

- The beam develops a plastic hinge in the support located 

next to the affected column; 

- Large rotations occur in the support exceeding the ultimate 

strain (20%); 

- The column with reduced insulation fails; 

- Partial failure of the frames occurs, presumably leading to 

progressive collapse of the structure; 

In these cases, it seems that the beam failure is delayed, the 

columns failing first, leading to an abrupt collapse. Generally, 

visible damage to the beams would act as a warning sign that 

structural collapse may occur. 

The results of the time until failure of the beam elements 

and global failure of the frames are shown in Figure 8.  

It is shown that in case of direct fire acting without a 

previous earthquake (100% insulation integrity on the 

undamaged frame) the resistance of the elements reaches a 

target value of minimum 120-minutes fire resistance of 

standard fire exposure. However, for Frame B, the fire 

resistance exceeds this target value, mainly due to the limited 

available thicknesses of insulating panels. Moreover, the effect 

of insulation integrity on the collapse time appears to be 

consistent and independent of the structure height, as the trend 

lines for the two frames in Fig. 8b are parallel and relatively 

linear. 

 
(a) 

 (b) 

Figure 8. Time of beam failure (a) and global collapse due to 

column failure (b) 

CONCLUSION 

 

This study presents a numerical investigation of the post-

earthquake fire behaviour of two moment-resisting steel 

frames of different heights. Both frames are ductile and 

designed against earthquake and fire as separate actions. The 

fire design is performed by adding board panel insulation on 

the element profiles that have been dimensioned against 

earthquake. The earthquake is assumed to induce damage in 
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the insulation of one column, due to the large drift sustained 

by the column during the earthquake. The effect of insulation 

loss is investigated by means of a parametric study 

considering different damage level of the insulation, modelled 

as percentage reduction of the thermal resistance of the 

insulation along one column. The response of the two steel 

frames is presented in terms of time until first failure and 

collapse and the performance of the two frames are compared 

and also counterposed to the performance of the same 

uninsulated frames investigate in a previous study [4]. 

Contrary to the conclusion reached when studying 

uninsulated frames [5], the reduction of fire resistance caused 

by a previous earthquake was proven to be significant for both 

a single element failure and the global collapse. Furthermore, 

a difference is noted in the development of the collapse 

mechanism, when one column sustains insulation damage. 

This is important in the sense that many studies describing the 

collapse mode of uninsulated frames present it as a general 

response of steel structures subjected to post-earthquake fires. 

However, this is greatly affected by the amount and location 

of insulation loss, as well as the number of affected elements.  

To further assess the impact of insulation loss on structures 

subjected to post-earthquake fires, studies should be 

performed on the maximum permissible deformation for 

ensuring the integrity of insulating panels or limit the damage 

to a certain amount, based on the performance decrement 

assessed. This may result in additional displacement limitation 

requirements in seismic areas (similar to, but stricter than the 

inter-storey drift limit). Alternatively, the insulation system 

can be designed in a way, to resist the expected earthquake 

drift, e.g. by ensuring a more robust connection of the 

insulating panels or testing the insulation system under 

seismic solicitations. 
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ABSTRACT 
 

A number of collapses of concrete buildings due to fire 

exposure have been reported over the last decades. Therefore, 

there is a need for better understanding of behaviour of 

concrete during fire events and reassessing models 

recommended by currently used standards for structural fire 

safety design. This study investigates the mechanical 

properties of concrete exposed to elevated temperatures. 

Relevant properties were examined based on the experimental 

data obtained from transient and non-transient tests conducted 

on concrete cylindrical specimens. In transient tests, the 

specimens were preloaded to a certain stress level and heated 

up to failure. In non-transient tests, specimens were first 

heated up to a set temperature and then compressed until 

failure. The results are presented in terms of stress-strain 

relationships and critical temperatures and compared with 

different material models for concrete at elevated temperatures 

found in literature as well as with the values recommended by 

EN1992-1-2 [5]. Analysis of the degradation of the strength in 

non-transient tests indicated that values recommended by the 

EN1992-1-2 [5] may be non-conservative. Similar conclusions 

were drawn regarding the strain at peak stress, where the 

values suggested by EN were found to be unrealistic from the 

design point of view. Based on the comparison of results 

obtained in transient and non-transient test, more conservative 

values of the strength for the design purpose were observed in 

transient tests. More tests are needed, in order to validate these 

conclusions on larger data set. 

 

INTRODUCTION 

 

Collapses of concrete buildings due to fire exposure have 

been reported quite frequently over the past few decades. Two 

very well-known cases of concrete buildings, which did not 

withstand the fire as a consequence of degradation of the 

mechanical properties of the material, were the fire-induced 

collapse of the Windsor Tower in Madrid, Spain, in 2005 [1] 

and of the Architectural faculty building at Delft University,  

Netherlands, in 2009 [2]. A more recent example is the 

collapse of a high-rise commercial building in Teheran, Iran, 

which caught fire on the 19
th

 of January 2017 [3]. The latter 

incident brought up once more the concern of the behaviour of 

concrete structures exposed to fire. According to Hertz [4], as 

soon as the temperature of concrete reaches 300°C, the 

dehydration of the material and thermal expansion of 

aggregates lead to initiation of micro-cracks development in 

the concrete which results in permanent degradation of the 

strength. As a consequence, even buildings that withstand a 

fire without any failure need to undergo costly reparations. 

Current comprehension and models reflecting the 

behaviour of concrete mechanical properties during the fire, 

such as compressive strength or strain, are still not fully 

developed. Some discrepancies regarding strain and loss of 

compressive strength have been found in the literature focused 

on the modelling of concrete behaviour at elevated 

temperatures as well as in EN1992-1-2 [5]. Models of reduced 

strength of concrete at elevated temperatures introduced by 

Hertz [4] and EN1992-1-2 [5] give two curves depending on 

the type of aggregate (siliceous or so called main group of 

concrete, including among others sea gravel or calcareous 

aggregates), while models recommended by Li and Purkiss [6] 

or Lie [7] do not take into account the aggregate factor and 

provide only one curve. Some differences in deterioration of 

concrete strength can be observed even for models considering 

the same type of aggregate. Moreover, models illustrating 

strain at peak stress introduced by Lie [8] or EN1992-1-2 [5] 

show notably higher values compared to the models 

recommended by Hertz [4], Terro [9] and the results of 

Anderberg and Thelandersson’s [10] tests. Another probable 

inconsistency in estimating strain at peak stress and 

deterioration of compressive strength of concrete exposed to 

fire is related to the fact that most models do not take into 

account the effect of preloading. This is because they are 

based on non-transient tests, where the specimens are first 

heated to a certain temperature and then loaded up to failure. 

However, Anderberg and Thelandersson [10] and Hertz [4] 

proved that preloading does have an influence on reduced 

compressive strength. A better assessment of the strength 

degradation should therefore be based on transient tests, where 

specimens are loaded before the heating process starts and 

therefore are more representative of the actual status of a 

concrete element in a building that is carrying self-weight and 

service loads when a fire triggers. Only a limited number of 

transient tests are available in literature [10, 11] and the 

differences between these two types of testing methods have 

not been deeply investigated. Hence, the current use of models 
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based on non-transient tests might lead to an over- or under-

estimation of the actual resistance and ductility of concrete 

buildings in fire. 

This study was aimed at addressing this current 

shortcoming of concrete fire design by implementing an 

experimental campaign on the compressive strength of sea 

gravel concrete specimens exposed to elevated temperatures. 

Both transient and non-transient tests were performed, by 

considering different preloading levels for the formers and 

different heating temperatures for the latter ones. Cylindrical 

concrete specimens were placed into a special electrical oven 

available in the lab of DTU-BYG. The oven has the shape of a 

hollow cylinder, which surrounds the central part of the 

concrete specimens, while leaving the specimens ends free to 

be compressed by a compression machine. 

Results of transient and non-transient tests were analysed 

with emphasis on reduced strength and strain at the peak stress 

and compared with the models found in previously mentioned 

literature and in the standard EN1992-1-2 [5]. Based on the 

outcomes of the tests, an evaluation of the values 

recommended by EN1992-1-2 [5] for reduced strength and 

strain is provided. 

 

EXPERIMENTAL SET UP 

 

Specimens  

Concrete used for the specimens contained sea gravel 

aggregates and Rapid Portland Cement (CEM 52,5R). Water-

cement ratio of 0,7 was used. Dry ingredients in proper 

amounts were weighed, placed in the concrete mixer and 

mixed for 1 minute. Afterwards, adequate amount of water 

was added and all ingredients were mixed again for 3 minutes. 

Prepared mixture was ready to be placed in the cylindrical 

forms with the diameter of 103 mm and the height of 1000 

mm. Forms were made of plastic drainage pipes covered with 

plastic plug on the bottom. Vibration table was used for 

compacting the mixture. After casting, specimens were left in 

the form at a temperature of (20±2)°C. After 3 days, forms 

were cut and removed. Specimens were marked and cured in 

water at a temperature of (20±2)°C until testing, in order to 

avoid shrinkage and possible formations of cracks of the 

concrete. Before testing, cylinders were pre-dried for 27 hours 

in 105°C, in order to reduce the moisture content and the 

consequent risk of explosive spalling. Before conducting 

transient and non-transient tests, several preliminary tests were 

made in order to determine an average strength of specimens 

and the temperature distribution within a sample. Based on the 

results, one average value of compressive strength equal to 

(21,9±0,6) MPa was used. The average was calculated based 

on three samples. Due to a small number of tests, the standard 

deviation might have been underestimated and should be 

investigated more thoroughly in the future research.   

 

 

 

Testing equipment 

The oven used for the tests is a cylindrical oven produced 

by Scandia Oven, model FTTF. There is a circular space 

inside the oven where the specimen was placed, so that the 

central 60 cm of the specimen would be surrounded by the 

heating coils on the inner surface of the oven in its central 

part, while the ending 20 cm on each end would stick out from 

the oven and remain cold. The oven was fixed to the frame of 

a compression machine Instron 8500, so that a compressive 

force could be exerted on the top and of the specimen. In order 

to measure the strain of concrete inside the oven, the specimen 

was connected to special equipment consisting of two steel 

plates with a circular hole surrounding the cold bottom end of 

the specimen. Each plate was connected to two perpendicular 

rods made of Kanthal steel and going inside the oven. The 

upper end of the rods was fixed to the heated part of the 

cylinder by means of a steel clump fastened with bolts.  

The displacement between the plates, which were fixed at a 

certain distance at the beginning of the test, was measured 

during the test by potentiometers connected to a computer, 

from which data was exported and further processed. From the 

measured displacement, the expansion or contraction of the 

specimen could be derived, as explained in details in [11, 12].  

After placing it inside the oven, the specimen was centred 

on the actuator plates and compressed with 5 kN, in order to 

keep it in the centred position. Afterwards, three 

thermocouples type K (Nickel-Chromium) were placed inside 

the oven. Then the oven was closed and insulated with 

ceramic wool on the top. Thermocouples were used as sensors 

for measuring the temperature inside the oven. Temperatures, 

displacement and load during all the tests were logged with 

frequency of 1 milisecond.  

 

Non-transient tests  

After placing the specimen in the testing equipment, the 

target temperature was set and the oven was turned on. The 

second part of the test in which compression force was applied 

started 2 hours after reaching the target temperature in the 

oven. 2 hours were needed to attain a uniform distribution 

within the specimen, according to the results of preliminary 

temperature tests. Before compressing the specimen, position 

limit for the piston of the compression machine equal to 6 mm 

was set on Instron manual. It was done in order to eliminate 

the possibility of crushing the specimen too much which could 

lead to some damages to the oven. Load was applied at the 

rate of 14 MPa/min until the position limit was reached. After 

that, specimen was automatically unloaded. Value of the 

position limit was chosen large enough in order to expect the 

failure of specimen to occur before reaching the limit by the 

compression machine. Tests with the following temperature 

levels were performed: 315°C, 380°C, 455°C, 500°C and 

590°C. 
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Transient tests  

Specimen was placed in the testing equipment and 

compressed to a defined level of stress. The load was applied 

linearly over 30 seconds, in order to avoid dynamic effects. 

After that the oven was turned on and specimen was heated 

under sustained initial load until failure occurred or until the 

temperature of 600 °C was reached. The heat was applied at 

the constant rate of 120°C/hour. After the failure of specimen 

or reaching the temperature of 600 °C, the phase of unloading 

the specimen was introduced manually through the software 

controlling Instron 8500. Specimen was unloaded in 15 

seconds until the end load of 10 kN, which was set for safety 

reasons).  

Level of preloading was referred to particular percentage 

of strength at ambient temperature. The following stress levels 

were applied: 40, 50 and 60%. Each level was tested on two 

specimens. Levels of preloading were chosen based on the 

results of reduced strength obtained in non-transient tests, but 

also with respect to the preloading levels used in transient tests 

conducted in [10]. 

 
Figure 1. Specimen set up and exemplary failure in non-transient 

test 

 

 

RESULTS AND DISCUSSION 

 

Non-transient tests  

Results from non-transient tests including compressive 

stress, reduced strength and strain at peak stress are presented 

in Table 1. Strain value for the test NTR_500_2 is missing, 

because the potentiometers did not work properly and the 

displacement could not be measured. 

In the majority of tests, the concrete cylinders broke in the 

heated part between the steel clumps, as visible on the right of 

Figure 1. In tests NTR_315 and NTR_380 failure of the 

specimens did not occur in the heated part, but outside the 

oven. Possible reasons might be some errors in casting process 

such as over-vibrating or inaccurate cantering of the 

specimens in the compression machine. 

Figure 2 shows the stress-strain curves based on the results 

from non-transient tests carried out for this study. The curves 

illustrate the reduction of strength after applying compression 

to the concrete specimens that were previously heated up to 

the temperatures indicated in the legend. The initial expansion 

of the sample during the heating phase, which occurred before 

applying the load, has been included in the graph and is the 

reason why the initial values of strain are positive in almost all 

tests (with the only exception of the test at 315°C). Vertical 

axis shows the ratio between stress at elevated temperature 

and strength of the specimen at ambient temperature (equal to 

the average value of 21,9 MPa). 

 

Table 1. Results of non-transient tests 

 Compr. 

strength 

(MPa) 

Reduced 

strength 

(%) 

Strain 

at 

peak 

(‰) 

Strain at peak* 

excluding initial 

thermal strain 

(‰) 

NTR.315 17.9 82 2.37 2.02 

NTR.380 18.0 82 2.47 3.66 

NTR.455 12.8 58 4.06 8.14 

NTR.500-1 10.8 49 4.99 13.03 

NTR.500-2 9.1 42 - - 

NTR.590 5.9 27 5.98 13.93 

 

Figure 2. Stress-strain curves for different non-transient tests 

It can also be observed that in most of the cases higher 

temperature resulted in larger value of the initial positive 

strain. The same applies for the final negative strain at failure: 

values of strain at peak stress show that specimens which 

contracted more were those which were heated up to higher 

temperatures. The total strain is therefore larger for concrete 

exposed to higher temperature levels. Moreover, specimens 

exposed to higher temperatures showed higher reduction in 

strength. 

For the purpose of comparing the results obtained from 

non-transient tests literature data, the initial value of strain 

developed during the heating, was "shifted" and set to 0 

(meaning that the thermal expansion was also assumed as 

negative and added to the compressive strain that occurred 

after applying the load). Both values of strain are presented in 

Table 1, where "shifted" strain is marked with "*". As shown 

in Figure 3, the results of Anderberg and Thelandersson’s tests 

[10] show quite different values compared to the results of 

non-transient tests performed for the purpose of this study. 

The closest compatibility of the curves was found in tests at 

380°C and 400°C. Ultimate strain at 500°C and 590°C is 
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higher compared to strain at 500°C and 650°C in [10]. Strain 

at 455°C is also higher than strain at 440°C in [10] and the 

strength is notably lower. The possible reason of the 

discrepancies might be difference in curing conditions and 

type of used aggregates as well as the way of conducting non-

transient tests itself (due to different size of specimen and 

different testing equipment). More details on the experimental 

setup differences are presented in [12].  

 

Figure 3. Comparison of non-transient tests results with results in 

[10] 

 

Figure 4. Comparison of strain at peak with different literature 

models 

Figure 4 illustrates the comparison between strain at peak 

stress obtained in non-transient tests and the models proposed 

by Hertz [13], Terro [9] and EN [5]. Results from non-

transient tests are shown with empty or filled points. Empty 

points refer to the actual values of negative strain at peak 

stress, black filled points refer to the shifted strain values, 

excluding initial thermal strain. Positive values on the strain 

axis represents compressive deformation (contraction). Results 

of the strain from tests at 315 and 380°C are lower compared 

to all presented models, due to the different failure mode of 

the specimens mentioned in the previous paragraph. The rest 

of the results for the non-shifted values (white points) match 

well the curve proposed by Hertz for the main group of 

concrete and are also quite close to the values presented by 

model of Terro. Good match of the shifted values (black 

points) can be only observed in case of 380°C. Results of 

compressive strain at 455°C, 500°C and 590°C temperature 

levels are significantly higher than values introduced by Hertz 

and Terro. None of obtained results of strain at peak stress are 

as high as models proposed by EN and Lie. EN does not 

provide a clear explanation of the strain model. Looking at 

relatively high values, it probably assumes model of "shifted" 

strain. Nevertheless, the ultimate strain is still significantly 

larger compared to the results of non-transient tests conducted 

for this study based on the same assumption (black points). 

One explanation can be the fact that EN curve is based on the 

results of the tests made on cooled specimens, as opposed to 

this study and model by Hertz. 

Different interpretation of ultimate strain in non-transient 

tests arises the question about the choice of adequate approach 

for the design. When considering a real building, the elements 

are initially compressed by the pre-existing loads. When the 

fire starts, the expansion of the material counteracts the initial 

compression and the additional compression resulting from the 

stiffness degradation of the heated material. As a consequence, 

the thermal expansion may have a beneficial effect on the 

strain especially at the beginning of the fire, when the material 

degradation is still relatively low, and this should be 

considered when the deformations of the elements during a 

fire are of interest. For design purpose, it seems sensible to 

refer to the pure compressive strain values at peak and not to 

the shifted values, in order not to overestimate the ductility of 

the material. 

Based on the described phenomenon, conclusion can be 

made that values recommended by EN for the design purpose 

show higher values of ultimate strain than values representing 

real situation of exposure of concrete structures to fire. Values 

of reduced strength of the tested specimens are plotted in 

Figure 5 together with other experimentally based models.  

Results presented in Figure 5 show that higher 

temperatures bring about larger reduction in strength of 

concrete. Strength, reduced after exposure to elevated 

temperatures, in all the cases is lower compared to the strength 

levels proposed by models of Hertz and EN. Results of tests at 

315°C and 380°C are close to the model introduced by Li and 

Purkiss. Nevertheless, as mentioned before, in those two cases 

the failure occurred outside of the oven instead of the parts 

which were directly exposed to failure, which might have 

affected the results. The rest of the results of the tests 

performed for this study are the closest to the model suggested 

by Lie and Lin. The differences between tests results and the 

models can be attributed with factors such as different type of 

aggregate, size of samples, curing conditions, moisture content 

or heating rate during testing. Obtained results indicate over-

estimated values of strength at elevated temperatures 

recommended by EN, which can lead to unsafe assumptions in 

structural design. However, deviation can stem from different 

test set up, material production and other factors mentioned 

above. Strain and strength results obtained in non-transient 

tests are consistent. In most of the cases, results of this 

research are within the variability of the models found in the 

literature. 
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Figure 5. Comparison of different compressive strength models 

Transient tests  

Two tests at each of the following preloading levels were 

conducted: 40%, 50% and 60%. Values of strain at peak stress 

and corresponding critical temperatures are shown in Table 2. 

During the transient tests, the temperature was not uniform 

within the cross-section of the specimen and lower than the 

average temperature inside the oven. The values of critical 

temperature presented in Table 2 refer to the temperature at 

the distance equal to 0.7·R from the centre, where R is radius 

of the cylinder. The distance was chosen accordingly to [11]. 

 

Table 2. Average results of transient tests 

 

 

Oven temperature  

(°C) 

Critical temperature 

(°C) 

Strain 

(‰) 

TR_40 446 371 1,99 

TR_50 497 392 3,66 

TR_60 428 361 3,79 

 

 

Figure 6. Results of transient tests at 40, 50 and 60% preloading 

level 

Figure 6 presents the results of strain in time for all tested 

preloading levels. For the purpose of this study, it was decided 

to identify the start of the failure as the end of the linear part 

of obtained curves. However, the specimens were only 

unloaded after reaching a pre-defined position limit, which 

was significantly higher than the elastic limit. As a 

consequence, a run-away of the deformation is visible on the 

two curves in Figure 8. 

According to the results in Table 3, the lowest critical 

temperature was reported for the highest preloading level of 

60%. This corresponds well with the findings presented in 

[10] that the higher the preloading level, the lower the critical 

temperature. Nevertheless, the highest critical temperature was 

found not for the lowest preloading level but for the stress 

level of 50%. This discrepancy might be a consequence of the 

fact that for the tests at 50% of preloading the thermocouples 

for measuring the temperature inside the oven were placed too 

close to the heating coils. Hence, the oven temperature and 

consequently the specimen temperature for this test might be 

over-estimated. 

Obtained values of strain at elevated temperatures were 

compared with the results of transient tests done by Anderberg 

and Thelandersson [10].  The heating rate in the experiments 

run by [10] was 5°C/min, whereas the heating rate in the 

present study was 2°C/min. Furthermore, two different types 

of pre-treatment of the samples were considered in [10]: the 

first part of the samples was standard cured in 65% relative 

humidity (RH) and 20°C and the second part was pre-dried in 

105°C before testing. In most of the cases, pre-dried samples 

exhibited higher temperatures at failures, which, according to 

the authors, might be related to larger compressive strength 

due to the pre-drying process. Furthermore, pre-dried 

specimens contracted less under the load compared to standard 

cured specimens. 

As it can be observed in the graph of Figure 6, the concrete 

specimens were contracting throughout entire heating phase 

during the transient tests conducted in the present study. 

Failure of cylinders is marked on the graphs as the end of 

linear part of the curves. The curves agree better with results 

from standard cured sample tests than with results from pre-

dried sample tests presented in [10]. Contraction during the 

heating phase at the same temperature levels in case of both 

tests TR_50_1 and TR_50_2 is larger compared to the values 

presented in [10] for standard cured sample. That might be a 

consequence of a higher preloading level and a lower heating 

rate. Anderberg and Thelanderson [10] showed in another 

experiment that a lower heating rate leads to larger strain at 

the same temperature in case of high preloading levels (45% 

and higher). Discrepancies can also be due to the fact that 

Anderberg and Thelandersson based their curve only on one 

test, which means that nothing can be said on the standard 

deviation of the result, which could potentially be quite high 

and affect the reliability of the datum. Moreover, the authors 

warned to be cautious in the interpretation of their results, 

because the preloading levels might be affected by a scatter of 

the specimens’ strength. Finally, Anderberg and 

Thelandersson used expansive siliceous aggregates instead of 

sea gravel aggregates. It should also be noted that while the 

curves presented in [10] refer to the temperatures at a distance 

of 0.7·R from the centre of the specimen (where R is the outer 

radius), the curves obtained in this study correspond to the 
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average temperature in the oven. As a consequence, the real 

difference in critical temperatures might be slightly bigger 

compared to what shown in Figure 6.  

 

Figure 7. Comparison of transient tests at 50% preloading with [11] 

 

Comparison of transient and non-transient tests 

As preloading levels for transient tests in this study were 

chosen based on the values of reduced strength obtained in 

non-transient tests, results of strain from particular transient 

and non-transient tests could be compared. The corresponding 

tests and results of these tests are presented in Table 3. The 

first column indicates the test (transient or non-transient), 

while the values in the second column (Stress) refer to the 

preloading level in case of transient test and to the reduced 

strength in case of non-transient tests. Both quantities can 

therefore represent the ultimate strength at ambient conditions. 

The third column (Temperature) refers to the critical 

temperature at failure in case on transient tests and the 

temperature level in case of non-transient tests. The fourth 

column (Strain) refers to strain at peak stress. For non-

transient tests, the non-shifted values of strain are presented, 

where the strain due to thermal expansion was subtracted from 

the total strain. Looking at the results in Table 3, larger values 

of strain at peak stress can be observed in case of non-transient 

tests. The difference in strain is caused by transient stress. 

This occurs under sustained load during the heating phase, but 

does not in non-transient tests where the temperature level is 

constant. 

 

Table 3. Average results of transient and non-transient tests 

Test Stress Temperature (°C) Strain (‰) 

TR_40 

NTR_500_1 

0,40 

0,42 

371 

500 

1,99 

4,99 

TR_50 

NTR_500_2 

0,50 

0,49 

392 

500 

3,66 

- 

TR_60 

NTR_455 

0,60 

0,58 

361 

455 

3,79 

4,06 

 

In Figure 8, critical temperatures from all transient tests are 

compared with the strength models found in the literature. The 

critical temperatures obtained in all transient tests are notably 

lower compared to the temperature levels of their non-

transient equivalents. Comparison shows that preloaded 

concrete is weaker (as temperature at failure is lower 

compared to the temperature of non-transient test at the same 

load level). It can also be observed that preloading levels are 

lower compared to all models of reduced strength based on 

non-transient tests. According to Hertz [4], preloaded concrete 

should exhibit larger strength due to hindered tensile strength 

and hence less cracks. Comparison of transient and non-

transient tests performed in this study shows contrary results: 

non-transient tests give less conservative results of reduced 

strength if used for structural design 

 

 

Figure 8. Comparison of the results with models based on transient 

tests 

CONCLUSIONS 

 

The main goal of this study was to investigate the 

mechanical properties of concrete exposed to elevated 

temperatures on the basis of non-transient and transient tests 

and to compare obtained results with several existing models 

and with the results of other relevant studies. Several transient 

and non-transient tests were conducted. Most of the results are 

within the range of the theoretical models. Strain values 

obtained in non-transient tests are lower in comparison with 

values recommended by EN [5] and Lie [7] models but higher 

or similar to values introduced in models of Hertz [13] and 

Terro [9]. Notable difference was observed in reduced 

compressive strength - significantly larger reduction of 

strength at elevated temperatures was found in non-transient 

tests conducted for this study compared to the reduced the 

strength introduced by EN and Hertz. This dissimilarity 

indicates non-conservative values recommended by EN.  Non-

transient tests conducted for this research proved that the 

higher the temperature the concrete is exposed to, the larger 

the initial thermal expansion, the larger the total strain and the 

larger the reduction of the compressive strength of the 

concrete. In transient tests contraction of concrete was 

observed throughout the entire heating phase at all tested 

preloading levels. Larger strain was found for higher stress 

levels. As expected, specimen loaded to the highest level 

failed at the lowest temperature.  
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Two interpretations of strain in non-transient tests, one 

assuming positive initial thermal expansion and the other 

based only on contraction, leads to two different values of 

strain at peak stress. Values introduced by EN assume 

expansion as a part of contraction and therefore larger values 

of ultimate strain. On the contrary, in transient conditions the 

ultimate strain is lower, since the contraction is partly 

counterbalanced by the thermal expansion. This strain is 

deemed to better refer to the real situation of a building when 

a fire occurs. It is concluded that strain values recommended 

by EN seem to be unrealistic for the design purpose. 

Furthermore, comparison of the results of reduced strength 

obtained in non-transient tests with model recommended by 

EN, led to the conclusion that EN values are overestimated 

and therefore non-conservative from the point of view of the 

structural design.  

Analysis of equivalent transient and non-transient tests 

regarding strength and critical temperatures showed larger 

values of ultimate strain obtained from non-transient tests. 

Critical temperatures obtained in transient tests were 

significantly lower when compared to the temperature levels 

of relevant non-transient tests. Based on the comparison it can 

be concluded that transient tests give conservative results 

when considering structural fire design.  

Most of the results obtained in the tests conducted for the 

purpose of this research are consistent with and within the 

variability range of the theoretical models. The large 

discrepancies between the theoretical models are difficult to 

explain due to a lack of information on testing procedures and 

interpretation of experimental data the models were built on. 

The amount of tests conducted for this study was limited. 

Indication of over-estimated values of strain and reduced 

strength recommended by EN and introduced on the grounds 

of the findings of this study should be therefore verified by 

additional non-transient tests at diverse temperature levels. It 

is also recommended to relate the results with theoretical 

models and try to explain, from physical and chemical point of 

view, why more conservative values were obtained in transient 

tests rather than in non-transient tests. 
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ABSTRACT 
 

In performance based structural fire safety design using the 

parametric fire curve, Eurocode has adopted a partial 

coefficient applied only on the fuel load density for calibrating 

the code to the desired safety level. Probabilistic analyses are 

presented in this paper to investigate the impact on the 

reliability due to variation of opening factor, and thermal 

inertia as well as the ratio between variable and permanent 

static load. It is shown that the partial coefficient method in 

Eurocode, with fire exposure expressed via parametric fire 

curves gives adequate reliability levels with certain margins 

on the safe side. This margin is particularly high for load 

combinations with dominating variable load. 

 

INTRODUCTION 

 

Background and purpose 

Probabilistic design in structural fire safety design dates 

back to the seventies [1], but has increased in interest during 

recent years. Due to the inherent non-linearity of probabilistic 

fire safety design of structures, Eurocode is calibrated using a 

method by Schleich where the fuel load density is adjusted to 

achieve the desired safety [2, 3]. However, this approach has a 

one-sided focus on the fuel load density, ignoring the impact 

from assuming the live load as arbitrary-point-in-time and the 

impact from choice of parameter such as the opening factor 

and/or thermal inertia. 
Previous papers have shown the use of Monte Carlo 

modelling of fire exposed load-bearing elements assessing the 
safety index of a limited number of structural configurations [4, 
5]. In this paper the effect from these parameters on the 
reliability of a steel structure is investigated using Monte Carlo 
simulations in comparison to the partial coefficient method 
presented in the Eurocode [6]. 

Limitations 

The structural case used in the paper is simplified with regards 

to 

 Steel in pure bending, 

 Linear thermal properties for insulation material, 

 The investigated parameters are limited to 

o The opening factor, 

o The thermal inertia of the compartment 

lining, and 

o The load combination. 

 The compartment size and fire risk area are fixed to 

100 m², and 1000 m² respectively, 

 Only the parametric fire curve assumption is used as 

it is presented in the Eurocode [6]. 

STRUCTURAL FIRE SAFETY DESIGN 

 

Steel resistance at elevated temperatures 

As the primary objective of this paper is to investigate the 
importance of different parameters in the Eurocode parametric 
fire curve, the simplifications described below are deemed to 
be reasonable. The calculated steel temperature, and 
subsequently reduced structural resistance, should be regarded 
a measure of fire severity, not as a representation of reality. 

Prior to the simulations, the design values regarding 
resistance and load were initiated. For this study, the design 
resistance was determined from the assumptions presented here 

1. The critical design temperature is determined to 𝜃𝑐𝑟𝑖𝑡 

= 540°C, to correspond to the simplified max 

utilization for steel, 𝜂𝑓𝑖= 0.65 presented in EN 1993-

1-2, 

2. The beam used in the study is a simply supported 

HEA180 with a length of 4 meters, a section modulus, 

𝑊𝑦 = 294 ∙ 103 𝑚𝑚3, and a section factor for the 

steel of  

𝐴𝑚 𝑉⁄ = 115 𝑚−1, and 

3. The characteristic yield strength of the beam is 

𝑓𝑦 = 355 𝑀𝑃𝑎. 
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The maximum design resistance in case of fire was then 
calculated as 

𝑅𝑓𝑖,𝑑 = 𝑓𝑦𝑘𝑦,540𝑊𝑦 ≈ 67.8 𝑘𝑁𝑚 (1) 

The steel temperature was calculated using the lumped heat 

assumption according to EN 1993-1-2 for insulated members 

[7]. From this calculation, the steel temperature, 𝜃𝑎,𝑡, is 

converted to a reduction in yield strength, 𝑘𝑦,𝜃, according to 

EN 1993-1-2 [7]. 

Thermal load from the Eurocode parametric fire curve 

The concept of temperature development in compartments 
exposed to natural fires were explored by Kawagoe and Sekine 
[8] as well as Ödeen [9]. This concept was later developed by 
Magnusson and Thelandersson [10] creating an opportunity to 
translate geometry and fuel to a thermal action. 

Their work was later adapted by Wickström [11] to an 
analytical solution which eventually was incorporated in the 
Eurocode system as the parametric fire [6]. The expression for 
the heating phase used in the Eurocodes is for clarity shown 
here in equation (2). 

𝜃𝑔,𝑡 = 20 + 1325(1 − 0.324𝑒−0.2𝑡𝛤 − 0.204𝑒−1.7𝑡𝛤

− 0.472𝑒−19𝑡𝛤) 
(1) 

The 𝛤-factor adjusts the time scale of the heating and a high 
value of 𝛤 results in a rapid heating and cooling whereas a low 
value of 𝛤 results in slow heating and cooling. The 𝛤-factor is 
calculated from the opening factor, 𝑂, e.g. the ventilation 
conditions, and the thermal inertia of the surrounding structure, 
𝑏, see equation (3). 

𝛤 =
(𝑂

0.04⁄ )
2

(𝑏
1160⁄ )

2 (2) 

The application of the parametric fire curve is limited to 
values of the opening factor between 0.02 and 0.2 in  Eurocode 
[6]. A typical office building in Sweden should have at least 10 
% window openings in relation to floor area [12] yielding an 
approximate lower bound for most compartments of 𝑂 = 0.03. 

The opening factor is, however, the parameter along with 
the total amount of fuel load in the compartment, 𝑄𝑑, used for 
deciding the time, 𝑡𝑚𝑎𝑥, to the maximum temperature in the 
fire compartment, see equation (4). 

𝑡𝑚𝑎𝑥 =
0.2 ∙ 10−3𝑄𝑑

𝑂
 (3) 

For a typical fire compartment of normal concrete for all 

surfaces, 𝑏 is approximately 1920 𝑊𝑠½ 𝑚2𝐾⁄ . For a 
lightweight construction of gypsum and rockwool, however, 𝑏 

is closer to 400 𝑊𝑠½ 𝑚2𝐾⁄ . Both values are well within the 
limitation of 100≤ 𝑏 ≤2200 for the parametric fire curve in 
Eurocode [6]. 

For very short fires, Eurocode uses a lower limit for the 
duration of a fire. In this paper, a medium fire growth rate is 
assumed yielding 𝑡𝑙𝑖𝑚 = 20 minutes.  

Fuel load density 

Fuel load can be divided into two different categories, 
permanent and variable [6]. The permanent fuel load, 𝑞𝑝, 

consists of construction material such as wooden boards, studs 
etc. The variable fuel load, 𝑞𝑣, on the other hand, consists of 
movable things such as furniture, books, paintings etc. As not 
all fuel is consumed, the theoretical fuel load is multiplied with 
a combustion efficiency, 𝑚 = 0.8. 

Fuel load density, 𝑞𝑓 

 
With regards to permanent fuel load, there is to the authors 

knowledge no statistical data found in the literature. Hence, the 
mean value of the permanent fuel load, 𝑞𝑝,𝑚𝑒𝑎𝑛, is 

approximated based on typical Swedish structural light-weight 
configuration [13], i.e. 𝑞𝑝,𝑚𝑒𝑎𝑛 = 50 MJ/m² surrounding area 

or approximately 162 MJ/m² floor area.  

The permanent fuel load is further divided in protected and 
unprotected fuel loads. According to Eurocode, a minimum of 
10 % of the permanent fuel load should be unprotected while 
90 % is protected to some extent, a relation used in this paper. 
The protection is assessed by using the factor Ψ with a value 
between 0 and 1 as 

𝑞𝑝 = 𝑞𝑝,𝑢𝑛𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑒𝑑 + 𝑞𝑝,𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑒𝑑

= (0.1 + 0.9Ψ)𝑞𝑝,𝑚𝑒𝑎𝑛 
(4) 

In this paper, Ψ𝑚𝑒𝑎𝑛 = 0.5 and a coefficient of variation,  
𝑉Ψ = 0.1 is assumed for the stochastic calculation. 𝑞𝑝,𝑚𝑒𝑎𝑛 is 

distributed according to the normal distribution with a 

coefficient of variation 𝑉𝑞p
= 0.3. 

The mean value of the variable fuel load, 𝑞𝑣,𝑚𝑒𝑎𝑛 , is 

assumed for each calculation. The coefficient of variation, 
𝑉𝑞v

= 0.3, the same value as adopted by the Eurocode. 

However, the Eurocode assumes a Gumbel distribution, while 
in this paper a normal distribution is used as it presents a better 
fit to earlier investigations of fuel load densities by Magnusson 
et al. [14], and Thomas [15]. 

The total fuel load density, 𝑞𝑓, used in each simulation is 

calculated as 

𝑞𝑓 = 𝑚(𝑞𝑣 + 𝑞𝑝) (5) 

Eurocode design fuel load, 𝑞𝑓,𝑑 

 
The permanent fuel load density is calculated according to 

equation (5) assuming Ψ = Ψ𝑚𝑒𝑎𝑛. 

The Eurocode characteristic value for the variable fuel load 
density, 𝑞𝑣,𝑘, is adapted for the 80

th
, the 90

th
 or the 95

th
 

percentile from a statistically relevant sample assuming a 
Gumbel distribution [6, 16, 17]. The choice of percentile is 
made on a national level depending on the desired safety level. 

To compensate for the increased probability of a fire with 
unacceptable consequences, Eurocode uses a coefficient, 𝛿𝑞1 to 

account for the size of the fire risk area. For 1 000 m², 𝛿𝑞1 =
1.74. The design calculation of the fuel load density can 
therefore be written as 
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𝑞𝑓,𝑑 = 𝑚𝛿𝑞1(𝑞𝑣,𝑘 + 𝑞𝑝) (6) 

Load in case of fire 

The live-, and dead load acting on the steel was calculated 
assuming maximum utilization in structural fire design, i.e. the 
design load was assumed to equal the design resistance, 
𝐸𝑓𝑖,𝑑 = 𝑅𝑓𝑖,𝑑. The characteristic live load, 𝑄𝑘, and dead load, 

𝐺𝑘, was derived using equations (8) and (9) based on the load 
ratio 𝛼 = 𝑄𝑘/(𝑄𝑘 + 𝐺𝑘). 

𝑄𝑘 =
𝐸𝑓𝑖,𝑑

(
1
𝛼

− 1 + 𝜓2)
 (7) 

𝐺𝑘 = 𝑄𝑘 (
1

𝛼
− 1) (8) 

The mean value of 𝐺 is assumed equal to 𝐺𝑘, while the 

mean value, 𝑄2,𝑚𝑒𝑎𝑛, for the arbitrary point in time 

distribution, 𝑄2, is approximated as 

𝑄2,𝑚𝑒𝑎𝑛 = 𝜓2𝑄𝑚𝑒𝑎𝑛

= 𝜓2

𝑄𝑘

1 − 𝑉𝑄
√6
𝜋

(0.577 + 𝑙𝑛(−𝑙𝑛(0.98)))

 (9) 

where 𝑄𝑚𝑒𝑎𝑛  is the mean value of the annual maximum 
load 𝑄 and 𝑉𝑄 is the coefficient of variation of 𝑄 assumed as 

0.3. It is also assumed that 𝑄 is described by a Gumbel 

distribution. The coefficient of variation, 𝑉𝑄2
, for 𝑄2, however, 

is estimated from live load survey data presented in [25] see 
table 1. Q2 is also assumed to follow a Gamma distribution, see 
reference [18, 19] .  

This assumption of 𝑄2,𝑚𝑒𝑎𝑛 shall be regarded as an 

approximation as the analytical solution is non-trivial. Using 
𝜓2=0.3 for offices according to Eurocode in equation (10) 
correlates roughly to the arbitrary-point-in-time sustained load 
presented in [18], and the assumption presented in [16] and 
[20]. 

Probability of failure 

The probability of failure 𝑃𝑓 in case of fire was calculated 

from equation (11). 

𝑃𝑓 = 𝑃(𝐸) ⋅ 𝑃(𝐹|𝐸) (10) 

with each of the parameters as defined below. 

𝑃(𝐸) = 𝑃(𝐼) ⋅ (1 − 𝑃(𝐼𝑁)) represents the probability of a 

fully developed fire with the capability of leading to collapse if 
not prevented. In this paper, the following aspects were 
considered for calculation of 𝑃(𝐸): 

1. The probability for ignition, 𝑃(𝐼) and 

2. The probability 𝑃(𝐼𝑁) of intervention, i.e. the fire is 

stopped by occupants or by the fire rescue services. 

The values for office buildings were used, see Table 1.   

𝑃(𝐼) is, in this paper, calculated based on a fire risk area of 1 

000 m². 

No active fire protection systems were considered in the 
simulations but can be accounted for by modification of 
equation 11 based on the probability that the active systems 

fail, 𝑃(�̅�).  

𝑃(𝐼𝑁), or the probability of intervention by occupants or 
the fire rescue services are assumed from the study referred in 
[16] for office buildings. 

𝑃(𝐹|𝐸) represents the probability of failure given that a fully 

developed fire occurs. 

The target probability, 𝑝𝑡𝑎𝑟𝑔𝑒𝑡 , for this study was assumed for 

a reference period of 50 years as suggested by the EN 1990 for 

risk class 2, RC2 [21] with a safety index, 𝛽 = 3.8.  

Limit state function 

The limit state function used in this study was defined as the 

collapse of the fire exposed steel beam. 

𝑔(𝑅, 𝑆) = 𝑅 − 𝑆 (11) 

where 𝑅 and 𝑆 is defined as 

𝑅 = 𝑓𝑦𝑊𝑦𝑘𝑦,𝜃 (12) 

𝑆 = 𝐺 + 𝑄2 (13) 

For each calculation, 𝐺 and 𝑄2 are random values at an 

arbitrary point in time. 

Random variables 

The statistical distributions and parameter values used in 
the simulation are presented in table 1. These values are based 
on a combination of estimations and sources [3, 22–24]. Steel 
properties are temperature dependent according to Eurocode 
[7] while the mean values of the insulation properties are 
independent of temperature as suggested in ECCS [25]. 

 

 

Table 1 Stochastic variables for Monte Carlo simulation. 

No Category of 

variables 

Basic variable Symbol Dim. Dist
i
 Mean CoV Ref 

1.  Actions Permanent G kN/m² N 
ii 

0.1 [26] 

2.  
 Arbitrary-point-

in-time load 
𝑄2 kN/m² GA 

ii 
0.54 [18, 19] 
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No Category of 

variables 

Basic variable Symbol Dim. Dist
i
 Mean CoV Ref 

3.  
 Quasi permanent 

value factor 
𝜓2 - D 0.3 - [27] 

4.  Steel Yield strength 𝑓𝑦 MPa LN 400 0.1
iii
 [23] 

5.   Bending 

resistance 
𝑊𝑦 m³ D 2.94·10

-
³ - - 

6.   Section Factor Am/V m
-
¹ D 115 - - 

7.   Density 𝜌𝑎 kg/m³ D 7850 - [7] 

8.   Conductivity 𝜆𝑎 W/mK D 
iv
 - [7] 

9.   Specific heat 𝑐𝑎 J/kgK D iv
 - [7] 

10.  Insulation Thickness 𝑑𝑖 m N 
v
 0.1 Est. 

11.   Density 𝜌𝑖 Kg/m³ N 170
 

0.1 [25] Est. 

12.   Conductivity 𝜆𝑖 W/mK N 0.2 0.1 [25] Est. 

13.   Specific heat 𝑐𝑖 J/kgK N 1030 0.1 [25] Est. 

14.  Fire Permanent fuel load 𝑞𝑝 MJ/m² N 50 0.3 [6] 

15.   Variable fuel load 𝑞𝑣 MJ/m² N 
vi
 0.3 [22] 

16.   Fuel load percentile % - D 
vii

 - [6] 

17.  
 Combustion 

efficiency 
𝑚 - N 0.8 - [6] 

18.  
 Shielding of fuel 

load 
Ψ𝑖 - N 0.5 0.1 Est. 

19.   Size coefficient 𝛿𝑞1  D 1.74 - [6] 

20.   Prob. of ignition 𝑃(𝐼)  m
-
²year

-
¹ D 1.0·10

-5
 - [16] 

21.   Prob. of intervention 𝑃(𝐼𝑁)  - D 0.94
viii

 - [16] 

22.  Geometry Opening factor 𝑂 m
½
 D 

vi
 - - 

23.   Thermal inertia 𝑏 J/m²s
½
K D 

vi
 - - 

24.  Numerical 
Number of 

calculations 
- - - 10 000 - - 

 

Calculation of insulation thickness 

Probabilistic modelling 

 
The required insulation thickness to obtain 𝛽 = 3.8 was 

found via an iterative process. In the Monte Carlo simulation, 
the insulation thickness was tested with 10 000 calculations in 
each iteration to evaluate the reliability of the beam in fire. 
This process was repeated for each combination of parameters. 

Eurocode design 

 
For the comparative design calculation using the partial 

coefficient method in Eurocode, all stochastic variables were 
set to the corresponding design value. To evaluate the safety 
levels in the Eurocode, iterations to find the insulation 
thickness for the steel beam was performed for the 80

th
, the 90

th
 

or the 95
th

 percentile of fuel load, assuming a parametric fire 
and a fire risk area of 1 000 m² [6].  

 

RESULTS 

 

The results are presented as insulation thickness 𝑑𝑖  on the 
y-axis for a steel element with a section factor of 𝐴𝑚 𝑉⁄ =

115 𝑚−1. The insulation thickness and section factor are 
proportional and by changing one, the other will subsequently 
change. 

For cases with very low fuel load densities, no applied fire 
protection is required to obtain a safe building. These results 
are omitted, and the results are only shown for the fuel load 
density span where there is a need for applied fire protection. 

Comparison with Eurocode partial coefficient method 

Design according to Eurocode in this section is based on 
the assumption that the characteristic value of the variable fuel 
load is defined as the 80

th
 percentile. 

The difference in safety when comparing the Monte Carlo 
results to the Eurocode calculation is shown for the 80

th
 

percentile in Figure 1 to Figure 3. The effect of the opening 
factor on 𝑑𝑖 is shown in Figure 1 for a load combination factor, 
𝛼 = 𝑄𝑘 (𝑄𝑘 + 𝐺𝑘)⁄  = 0.5, and a thermal inertia, 
𝑏 =1160 J/m²s

½
K. 
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Figure 1. 𝒅𝒊 required for obtaining 𝒑𝒕𝒂𝒓𝒈𝒆𝒕 for different opening 

factors in relation to the mean value of the variable fuel load 

density. Solid lines represents the Monte Carlo simulation and the 

dashed lines, the Eurocode calculations 

The Eurocode partial coefficient method combined with 
parametric design fire exposure provides design with slightly 
larger value of 𝑑𝑖   for the same scenario. This effect is smaller 
for larger opening factors, O. 

The effect of thermal inertia is shown in Figure 2 for a load 
combination factor, 𝛼 = 𝑄𝑘 (𝑄𝑘 + 𝐺𝑘)⁄  = 0.5, and an opening 
factor, 𝑂 = 0.04 m

½
.  

 

Figure 2. 𝒅𝒊 required for obtaining 𝒑𝒕𝒂𝒓𝒈𝒆𝒕 for different thermal 

inertia in relation to the mean value of the variable fuel load 

density. Solid line represents the Monte Carlo simulation and the 

dashed line, the Eurocode calculations. 

The Eurocode partial coefficient method generally provides 
a design with slightly larger value of 𝑑𝑖 for scenario with low 
values of thermal inertia, b. The difference in 𝑑𝑖 is increased 
with higher values of thermal inertia, b. 

The effect of load ratio is shown in Figure 3 for opening 
factor, 𝑂 =0.04 m

½
, and thermal inertia, 𝑏 =1160 J/m²s

½
K. 

 

Figure 3. 𝒅𝒊 required for obtaining 𝒑𝒕𝒂𝒓𝒈𝒆𝒕 for different load 

combinations in relation to the mean value of the variable fuel load 
density. Solid line represents the Monte Carlo simulation and the 
dashed line, the Eurocode calculations 

The Eurocode partial coefficient method seems to 
overestimate the need for insulation for load combinations 
where variable load is dominating (i.e. for light-weight 
structures). The difference is of the order 25 %.  

Effect of definition of characteristic fuel load 

With a load combination factor, 𝛼 = 𝑄𝑘 (𝑄𝑘 + 𝐺𝑘)⁄  = 0.5, 
an opening factor, 𝑂 =0.04 m

½
, and a thermal inertia, 

𝑏 =1160 J/m²s
½
K. 𝑑𝑖 required to obtain 𝑝𝑡𝑎𝑟𝑔𝑒𝑡  for different 

percentiles of the fuel load density, 𝑞𝑓,𝑘, is shown in Figure 4. 

 

Figure 4𝒅𝒊required for obtaining 𝒑𝒕𝒂𝒓𝒈𝒆𝒕 for different fuel load 

density percentiles in relation to the mean value of the variable fuel 

load density  

In all cases the Eurocode is conservative compared to the 
results from the probabilistic anlysis. 

 

DISCUSSION 

 
Generally, a structural fire resistance design based on 

parametric fire exposure according to Eurocode seems to give a 
rather adequate reliability although slightly conservative 
compared to the probabilistic investigation presented in this 
paper. Fire, however, is slightly different from single element 
design in consequence it poses a threat to all structural 
members in a compartment during the event of a fire. 
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The safety margin increases for low values of Γ, i.e. small 
opening factors and/or large thermal inertia. This is assumed to 
be an effect of the slower heating with a more consistent rate of 
change in steel temperature over a longer time when exposed to 
fire. This also explains the relatively large difference in 
required fire protection for small fuel load densities 
independent of Γ, the rate of change in steel temperature is high 
when cooling starts. The safety margin is also higher for 
structures with large ratio between variable and permanent 
load, i.e. light-weight structures. 

When performing stochastic modelling of natural fires, 
there are difficulties in finding proper parameters for the 
statistical distributions. The fuel load density is, for example, 
more fitting to a standard deviation as in [14] than to a Gumbel 
deviation as stated in [16]. The coefficient of variation in the 
first source is closer to 0.15-0.2 or lower while the second 
source states 0.3 to include for uncertainties. This, along with 
the uncertainties in material property variations among other 
parameters, needs to be addressed in some way. 

The choice of target probability proves difficult for fire as 
the probability of occurrence is small and strongly dependent 
on the building size, or the fire risk area. For an office building 
with a sufficiently small fire risk area, the probability of fire 
ignition could be smaller than the target probability itself. This 
effect could lead to some small buildings left without any 
protection, a situation that could lead to very large 
consequences even for very small fires in these buildings. Due 
to this, it could be argued that a higher safety index should be 
assumed in case of fire or that a special set of safety indexes 
are assumed for fire safety design interpreted as conditional 
given a fully developed fire. 

Another aspect of determining the probability of ignition in 
relation to area is the lack of connection to number of 
occupants or cooking facilities that has proven to be one of the 
largest sources of ignition [28]. A more relevant measure could 
be ignition per family or number of kitchens. This is difficult to 
find in the literature where only a crude measure of area is 
used. 

 

CONCLUSION 

 
For structural fire safety design, with the characteristic fuel 

load density represented by the 80
th
 percentile seems to give 

the most reasonable results when compared to probabilistic 
modelling. Even with a conservative assumption regarding the 
arbitrary-point-in-time load, the 80

th
 percentile is slightly 

conservative for most cases. 

For structural fire safety design, there is a need for a special 
set of safety indexes due to the difficulty of addressing 
buildings with a small fire risk area in a proper way. This needs 
further work regarding the assessment of probability for fully 
developed fire to occur. Statistics allowing a more precise 
estimate of this probability is needed to better address the 
overall reliability of structures in fire. 

There is a higher inherent safety margin for low values of Γ 

and cases with dominating variable load, 𝑄. The effect of this 

should be acknowledged when setting up a stochastic model 

using only one set of assumptions regarding the opening factor 

and thermal inertia as the effect depends largely on the choice 

of parameters. 
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iv Varying with temperature according to EN1993-1-2 [8] 
v Calculated to obtain the desired safety index. 
vi Varied with calculations. 
vii Varied with calculations 
viii Calculated as a combination of the probability of intervention by occupants 
and fire rescue services for  

offices according to [22]. 
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ABSTRACT 

 

New materials and designs enter the market every day. 

They have a great market potential needed for many 

applications. The future market for development and 

production of fibre reinforced composite materials 

(lightweight materials) is very promising, not only within 

advanced application such as aeronautics, but also in maritime 

industries, on modern ship vessels and in railway vehicles. As 

a result of this it is important to know the material properties 

and fire behaviour in order to ensure a high safety level [1]. 

Materials are tested as “new” and un-aged, which means 

testing is performed on newly produced products and 

materials. Very little research has been done regarding fire 

performance of materials after aging [5]. 

Accelerated ageing can be performed with different 

aspects and in numerous ways. One type of these can be called 

weathering and there are mainly four basic types of this ageing 

used for products and materials. They are: 

 thermal ageing, exposure of high temperature during 

a selected time; 

 moisture ageing, exposure of water or moisture; 

 UV exposure, and 

 radiation ageing. [5] 

 

These types of ageing can be performed in many ways 

and combinations. For example, thermal ageing can be 

performed at a selected temperature and time. But it can also 

be one part of a climate cycling were you have fixed periods 

with temperature exposure followed by moisture exposure and 

UV exposure. This cycle can be repeated a numerus of times 

[7]. 

The degradation of composite materials and change in 

properties is slow at room temperature. It gets faster with 

increased temperature. Accelerated ageing is an intentional 

way to expose materials and products to a proper simulation of 

long-term usage. Within a few days, weeks or months the 

damage and degradation of the materials can occur, which 

normally would be after years in normal climate and after 

normal usage. Accelerated ageing can cause the material 

properties to get worse, and an undesirable loss of 

functionality may be evolved [4]. 

The behavior and material properties of fibre reinforced 

composites, after exposure of aggressive environmental 

conditions, shows changes, compared to new materials. After 

exposure of moisture, the fibres may result in damage and the 

material structure might be changed. After exposure of 

moisture and high temperature the durability of the composite 

is reduced [2]. 

The Arrhenius Rate Law of accelerated ageing can be 

used to correlate the time in ageing climate. A generalization, 

supported by the Arrhenius Rate Laws, is that for a reaction in 

room temperature, the reaction rate doubles every 10°C 

increase in temperature [6]. 

The objective of this work is to gather the most common 

methods to perform accelerated ageing, to see the variations 

between the methods and within the method. 

 

INTRODUCTION 

 

New materials and designs enter the market every day. An 

example is fibre reinforced polymer (FRP) composite 

materials which have a great potential. They show strong 

mechanical behaviour and are lightweight compared to 

conventional material such as steel. Due to these properties 

they are interesting in many applications. The future markets 

for development and production of FRPs is very promising in 

maritime industries, as e.g. for modern ship vessels, as well as 

for wind turbines and railway vehicles. All these areas of 

usage have very high safety demands as evacuation may be 

difficult in case of fire or accident. As a result of this it is 

important to know the material properties and fire behaviour 

in order to ensure the high safety level [1]. 

Traditionally materials are tested as “new” and un-aged, 

often right after their production. The aspect, that materials 

undergo changes with time and are impacted from exposure to 
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different environmental parameters such as light, wind, 

humidity and temperature has been neglected within fire 

engineering. Very little research has been done regarding fire 

performance of composite materials after ageing which is 

surprising considering the potential implications [5]. 

Polymers and adhesives are important materials in many 

products, such as automotive, trains and ships. Many of their 

properties are beneficial for the various designs, however they 

have a very important disadvantage in their thermal resistance 

and fire behaviour. Therefore, the fire behaviour of the 

materials need improvement by adding flame retardants. This 

can be done by basically three different methods. 1) The flame 

retardant could be incorporated to the polymer by melt 

blending, a physical method. 2) The flame retardant could also 

be incorporated into the chemical structure of the polymer, a 

chemical method. Finally, 3), it could be used as a coating on 

the surface of the polymer [5]. These methods of incorporation 

of flame retardants will make the materials very likely to 

respond differently to aging. 

The improved fire behaviour of adding flame retardants is 

well known. How the properties and fire behaviour changes 

with time is, however, not known to the same extent. The 

effect of exposure to extreme temperatures, humidity and light 

with time is not known for most flame retardant applications. 

The main objectives of this review is to find current 

information on the subject and to define relevant ageing 

methods for FRPs for future studies. 

 

ACCELERATED AGEING 

 

Real-time ageing is the only true ageing. At the same 

time, results and the characteristics of the material are 

normally needed early in the development process. Therefore, 

accelerated ageing is used to predict ageing characteristics of 

the material. Accelerated ageing is an intentional way to 

expose materials and products to a proper simulation of long-

term usage. Within a few days, weeks or months the damage 

and degradation of the materials can occur, which normally 

would be after years in normal climate and after normal usage. 

Unfortunately, accelerated ageing can lead to an undesirable 

loss of functionality of a product [4]. 

Accelerated ageing can be performed with different 

aspects and in numerous ways. Four types of accelerated 

ageing used for products and materials have been identified. 

These are 

 Thermal ageing 

 Moisture ageing  

 UV exposure 

 Radiation ageing [5]. 

Regarding fire safety, two additional parameters must be 

taken into account, i.e. chemical solvents and physical stress 

[5]. Of these ageing parameters temperature, moisture and UV 

exposure are dealt with in more detail here.  

 

 

THERMAL DEGRADATION AND AGEING 

 

Thermal degradation is defined as molecular impairment 

within the polymer as a result after exposure of high 

temperature. The long polymer chains are broken, and 

reactions are initiated. This results in a change of material 

properties. Thermal degradation can occur of three types: 

 breaking of the main polymer chain in the material, 

so-called complete degradation; 

 break of side fragments, formation of volatile 

products and char residues; and 

 crosslinked polymers result in small amounts of 

volatiles and more char [9]. 

The above chemical mechanisms of a typical composite 

material and the change in properties is temperature 

dependent. It gets faster with increased temperature. Thermal 

ageing here is understood as the exposure to high temperature 

during a discrete time. Vahabi et al. [5] used in their study of 

ageing an exposure temperature from 70°C up to 300 °C. 

However, the most common temperature used for accelerated 

ageing of composite materials has been 90 – 110°C. The time 

of exposure is from a few hours to several months [5]. 

Spirckel et al. [8] investigated the effect of thermal ageing 

on polyurethanes treated with different flame retardants; one 

with sulfur phosphonate diol and the other one with 

phosphonate diol. They used an isothermal temperature of 

250°C and the exposure time was 3 hours. To evaluate the 

ageing impact, tests were made with electronic probe mass 

analyser (EPMA) and pyrolysis GC mass spectrometry. The 

results show that during thermal ageing the flame-retardant 

released organic compounds which resulted in a mass loss. 

Molecules with the phosphorous groups were still present in 

the polymer matrix and contributed to the formation of a 

protective layer, a barrier, at the surface of the product. 

Analysis with EPMA showed that there was no migration of 

phosphorous from the core to the surface in any of the 

products studied. The material kept the same material 

characteristics with respect to fire after thermal ageing. The 

surface was still homogeneous with the fireproof layer, with 

unchanged fire behaviour [8]. 

The migration from the product of halogenated flame 

retardants incorporated into polypropylene during thermal 

ageing was studied [5], by exposing the materials to an 

isothermal temperature of 145°C. In the study three different 

flame retardants were evaluated, TBDP (tris(2,3-

dibromopropyl)phosphate), TBP-DP (2,4,6-tribromophenyl-

2’,3’-dibromopropylether) and HBCD (1,2,5,6,9,10-

hexabromocyclododecane). During approximately 30 ageing 

hours the fractional weight of the flame retardant TDBP 

decreased from 5 wt% to 4 wt%. For TBP-DP the content, 

after approximately 25 hours of ageing, decreased from 5 wt% 

to approximately 0.3 wt%. The last flame retardant, HBCD, 

showed a reduction after 30 hours ageing from 5 wt% to 

approximately 2.5 wt%. HBCD was additionally exposed for a 

duration of approximately 115 hours. Here, the content of the 
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flame retardant was reduced to 0.3 wt%. These results show 

that with an increase in thermal ageing time the amount of 

flame retardant content in the material is decreased by 

migration or degradation. Afterwards, limiting oxygen index 

(LOI) fire tests, according to ISO 4589-2 [12], were performed 

with the polypropylene TBP-DP treated products [5]. These 

tests showed that the LOI for the aged material decreased [5]. 

Ghosh et al [9] carried out ageing tests with polyamide 

polymers. They aged the materials at 100 °C, 115 °C and 

130 °C for 24, 48 and 72 hours at each temperature. 

Mechanical testing at room temperature, including tensile 

strength, modulus and elongation at break, was performed 

before and after ageing. The tests showed that there was a 

weakening of the strength properties at 100 ˚C after 

approximately 20 hours of ageing, the subsequent decrease 

was marginal. Further, the same type of weakening was 

observed when increasing the temperature above 100 °C.  

The Arrhenius Rate Law of accelerated ageing can be 

used to correlate the time in thermal ageing. The definition of 

Arrhenius Rate Law is: the rate of a chemical reaction 

increases exponentially with the absolute temperature”. 

Basically, the expressions say that a high temperature and a 

low activation energy gives a higher rate constant, which 

speeds up the reaction. A generalization, supported by the 

Arrhenius Rate Laws, is that for a reaction in room 

temperature, the reaction rate doubles every 10 K increase in 

temperature [10, 11]. 

 

MOISTURE AGEING 

 

In general, after exposure to moisture, the fibres may 

show damage and the material structure might be changed. 

After exposure to moisture and high temperature the durability 

of the composite is reduced [2]. 

If the polymer is hydrolysable, moisture can have a major 

impact of changes in molecular weight and viscosity. Both 

parameters are important when discussing reaction to fire 

properties. If the product is treated with flame retardants, 

moisture can lead to decreased performance of the flame 

retardant [5]. In a study by Molaba et al. [1] ageing was 

performed with natural fibre reinforced composites mainly 

made of flax fibres, both untreated and treated with flame 

retardants. The study involved two accelerated ageing climates 

in environmental chamber: 

 90°C/50% relative humidity/2 weeks 

 25°C/90% relative humidity/2 weeks 

The material was tested due to their mechanical properties 

before and after ageing. The study showed that mechanical 

properties decreased with an increasing ageing temperature. 

For both the untreated and treated composites the tensile 

strength decreased with high temperature. Most prominent 

was this decrease for the flame retardant treated composite. 

There was also a change in colour of the composites after 

ageing. The flame retardant treated composite showed a larger 

colour change and was more brittle than the untreated after 

ageing at high temperature [1]. 

Moisture ageing tests were performed with poly(ether 

ether ketone) (PEEK) in another study [5]. The material was 

immersed in water. After the immersion the PEEK material 

contained 0.73 wt% more water than the dry and un-aged 

PEEK. Fire tests were performed with the Cone calorimeter. 

The water was released just after the melting of PEEK 

(343 °C), and a powerful bubbling occurred as a result of 

water being trapped in the polymer. Further, the time to 

ignition was shorter for the moisture aged PEEK material, 

hence the fire behaviour was significantly affected. 

 

AGEING BY CLIMATE CYCLING 

 

An intumescent coating based on ammonium 

polyphosphate (APP), melamine and pentaerythritol was 

applied to a steel plate and exposed to climate cycling. One 

cycle was exposure of 40 °C and 98 % relative humidity for 8 

hours followed by 23 °C and 75 % relative humidity for 16 

hours. After several cycles there was a change in the ability of 

the intumescent coating to expand. The expansion decreased 

and the bubble size in the coating increased. As a result, the 

thermal conductivity over the intumescent layer was 

increased, and the temperature on the unexposed side 

increased faster [5]. 

 

AGEING BY TEMPERATURE, MOISTURE AND SALT 

 

Another study, made by Fiore et al. [2], showed how 

long-term ageing affected a flax/epoxy composite and a flax-

basalt/epoxy hybrid composite. The samples were exposed to 

a salt fog in a climate chamber with constant temperature of 

35 °C. The salt spray was applied continuously during the 

ageing period [3]. Samples were taken from the climate 

chamber every 2 weeks during a test time of 2 months. After 

the exposure, mechanical tests were conducted, such as three-

point bending tests, dynamic mechanical tests (e.g. storage 

modulus and loss modulus) and Charpy impact tests. The 

water uptake was also evaluated as this could affect the 

structure of the composite. Both composite products had water 

uptake that stabilized after 600 – 800 hours of exposure. The 

flax composite had higher water uptake than the flax-basalt 

hybrid. The tests showed that the flexural modulus decrease 

with the duration of ageing. Both composites also show a 

decrease in glass transition temperature. For the flax-basalt 

hybrid this parameter was not changed. As a summary, the 

mechanical properties were in general deteriorated with ageing 

time.  

Another ageing study [5] was made with an epoxy-based 

intumescent coating consisting of ammonium polyphosphate 

(APP), melamine and titanium dioxide (TiO2) applied to an 

epoxy resin. The material was exposed to 70 °C and 80 % 

relative humidity for 2 months, followed by immersion in 

distilled water or salt water. Fire tests showed that the fire-

retardant effect had slightly decreased after the immersion in 
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distilled water. For the samples immersed in salt water the 

flame retardant effect had decreased considerably. The 

expansion of the coating did not occur during fire testing due 

to chemical reaction between the salt in the water and the 

coating. As a result, new salt groups were formed. released to 

the water and the coating was full of pores. 

Ageing tests were performed with a phenolic laminate 

composite and a polyester laminate composite, both with glass 

fibres. They were immersed in a salt solution of 60 °C for 

1000 h, 2000 h, 4000 h and 8000 h. Fire testing was performed 

with the Cone calorimeter and a heat flux of 50 kW/m
2
. For 

the polyester laminate composite, the peak heat release rate 

was nearly unchanged. After immersion for 1000 h of the 

phenolic laminate composite, the sample exploded during fire 

testing, Micro voids were formed during immersion and water 

was trapped inside. During the fire test the water was rapidly 

vaporized and an explosion occurred [5]. 

 

UV RADIATION 

 

A silica-polytetrafluoroethylene (PTFE) matrix reinforced 

composite was exposed to a UV radiation ageing cycle. One 

cycle was 4 h exposure of UV-light at 60 °C, followed by 4 h 

exposure of moisture (water vapour) at 50 °C. Samples were 

collected from the climate cycling chamber after 794 h, 964 h 

and 2643 h. Tensile strength and creep tests were performed 

before and after ageing to evaluate the degradation. From the 

accelerated ageing with UV light exposure, a significant 

difference in mechanical properties in the composite first 

occurred after 2643h. The creep modulus decreased 

subsequent to ageing. The ageing mostly affected the stiffness 

of the composite. The elastic modulus and the viscosity 

coefficient increased after UV exposure [4]. 

Ageing tests with UV light were performed with a 

polypropene (PP) material with an intumescent coating based 

on ammonium polyphosphate (APP) and a synergist 

containing nitrogen. There was oxidation confirmed of both 

the intumescent coating and the PP, which occurred 

independently and did not affect each other [5]. 

Another PP material with a flame retardant based on 

decabromodiphenyl (decaBDE) was exposed to UV radiation. 

The results showed that UV-light breaks the chemical bonds in 

the flame retardant decaBDE. During exposure a reactive 

bromine radical is formed. This radical reacts with hydrogen 

from the polymer chain and HBr is formed. This leads to a 

decomposition of the polymer [5]. 

 

DISCUSSION 

 

The main focus of this paper is the thermal ageing, 

moisture ageing and ageing by UV radiation. These ageing 

methods were selected due to their relevance for fire testing of 

composites in ships, trains and wind turbines. 

Thermal ageing, exposure to an increased temperature 

during a selected time, is probably the easiest way to perform 

accelerated ageing. The equipment needed is only a 

temperature regulated oven. Thermal ageing causes 

degradation of the material, for example breaking of polymer 

chain and formation of volatile products. This results in mass 

loss and structure change of the aged material. Mechanical 

tests of a polymer after thermal ageing showed a weakening in 

the strength properties [8,9]. Fire tests showed that the fire 

behaviour was worse after thermal ageing [5]. 

Flame retardants are affected in different ways, depending 

on the type of flame retardant. For example, a flame retardant 

with phosphorous groups showed, after thermal ageing, mass 

loss due to release of organic compounds. However, the 

phosphorus also formed a protective layer at the surface and 

there was no migration of the phosphorous from the surface 

[8]. Another example is the ageing properties of 

polypropylene with brominated flame retardant. A migration 

of the flame retardant was noted both during increased ageing 

temperature and ageing time. Fire testing with limiting oxygen 

index showed a decrease in oxygen index with increased 

ageing time, i.e. a reduction in fire properties. This was due to 

the migration of the flame retardant [5].  

Moisture ageing is performed in a controlled climate 

chamber with a specified temperature and moisture content. 

This type of chamber could also be used for climate change 

ageing. Testing has showed that moisture can cause a damage 

in the material structure. If the polymer is hydrolysable the 

moisture ageing causes a major impact on the molecular 

weight and viscosity, both important parameters for reaction to 

fire behaviour [5]. The moisture can affect the fire resistance 

effect of the flame retardants. Mechanical testing of a natural 

fibre reinforced composite, both flame retardant treated and 

untreated, showed a decrease in mechanical properties. The 

results were worse for the flame retardant treated composite 

[1]. 

Another type of moisture ageing is immersion in a fluid. 

Most common is water or salt water. Tests with PEEK showed 

that specimens after immersion had a shorter time to ignition, 

i.e. worse reaction-to-fire properties. Bubbles had been formed 

during the immersion and water was trapped inside the 

polymer [5]. 

Salt water has a negative impact of both mechanical and 

fire properties. One example is an intumescent coating where 

there was no expansion of the coating during fire testing, and 

because of this, the fire behaviour decreased [5]. Another 

example is a phenolic laminate composite were micro voids 

were formed during immersion in salt water. Water was 

trapped inside the voids and during fire testing the water was 

rapidly vaporized, which lead to an explosion of the material 

[5]. 

Ageing with UV radiation is also an important ageing 

method. Testing with different products all showed results 

with worsened mechanical properties and a decomposition of 

the material [4, 5].  
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CONCLUSION 

 

Mechanical properties and fire behaviour of materials are 

affected when exposed to different climate conditions during 

ageing. Both the mechanical and fire properties are 

deteriorated after ageing. All the ageing modes assessed 

above, thermal ageing, moisture ageing and UV radiation 

result in a decrease in material properties or decomposition.  

Flame retardants, when exposed to ageing, can both be 

degraded and migrate from the product. There has to be a 

minimum concentration of the flame retardants for them be 

effective.  As a result from degradation and migration, the 

flame retardant properties are decreased or, if the ageing 

process is fully developed, the flame retardants have no 

protective effect. However, the sensitivity for ageing effect 

differs for different types of flame retardants.  

To summarize, ageing effect of materials is important 

because it affects the material properties, flame retardant 

effectiveness and fire behaviour in a negative way. For that 

reason, it is important to take this into account to a greater 

extent in product development and applications. Products and 

materials should still be safe to use with respect to fire safety 

and mechanical behaviour after years of usage. Using thermal 

ageing, moisture ageing and UV radiation as ageing methods 

can give important information regarding the ageing effect on 

FRPs. 
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ABSTRACT 
 
The European FIBRESHIP research project aims to 

develop a comprehensive set of methods that would enable the 
building of the complete hull and superstructure of over 50-
metre-long ships in fibre reinforced polymer (FRP) materials. 
In the work package dedicated to materials selection, an 
extensive experimental campaign is performed to characterize 
the fatigue and fire performance of a range of FRP materials 
and solutions. In this paper, the cone calorimetry results of FRP 
laminates are introduced in terms of ignitability, heat release, 
smoke production and effective heat of combustion. 

The fire performance of FRP materials can be considerably 
improved by suitable intumescent coatings. Coatings can 
significantly change the shape of the heat release and smoke 
production rate curves, and reduce their maximum values.  

Even though fire performance is of high importance in the 
use of FRP materials, also other properties, such as mechanical 
properties and manufacturing, need to be taken into account. In 
some cases, products with excellent fire performance have to 
be discarded from further considerations due to other issues. 

 

INTRODUCTION 
 
Today, fibre reinforced polymer (FRP) materials are 

extensively used for building lightweight hull structures of 
vessels with length up to about 50 metres, whereas in longer 
vessels their use is limited to secondary structures and 
components. In the European FIBRESHIP research project [1], 
innovative FRP materials are evaluated, new design and 
production procedures and guidelines are elaborated, and new 
validated software analysis tools are developed. As a result of 
the project, a comprehensive set of methods will be compiled, 
enabling the building of the complete hull and superstructure of 
over 50-metre-long ships in FRP materials. The results enhance 
significantly the use of FRP materials in shipbuilding and 
strengthen the competitiveness of the European shipbuilding 
industry on the world market. 

In the work package dedicated to materials selection, an 
extensive experimental campaign is performed in two phases to 
characterize the fatigue and fire performance of FRP materials 
and solutions. For the first phase, seven commercially available 
resin systems representing different resin classes (see Table 1) 

were chosen for initial screening. The fire performance of the 
candidate resin systems was evaluated by thermal gravimetric 
analysis (TGA) and differential scanning calorimetry (DSC) 
for cured resins, and by cone calorimeter tests for composite 
laminates with glass fibre reinforcement. This paper 
concentrates on the cone calorimeter test results obtained in the 
first phase, describing the ignition propensity and heat release 
and smoke production characteristics of the laminates. The data 
produced serves for the evaluation and selection of resin 
systems for the second phase. 

 

EXPERIMENTAL 

 
Composite laminates with glass fibre reinforcement were 

manufactured by vacuum assisted resin transfer moulding. The 
laminates were 500 mm wide and 350 mm in length (fibre 
direction), and specimens of appropriate size were extracted for 
testing the mechanical properties and fire performance. The 
thickness of the laminates was ca. 3 mm. 

The cone calorimeter tests were performed in two replicates 
in horizontal orientation at an irradiance level of 50 kW/m

2
. 

Before the tests, the specimens were conditioned to constant 
mass in the temperature of (23 ± 2) ◦C and the relative 
humidity of (50 ± 5) % RH. 

The measurement uncertainty of the cone calorimeter test 
method has been studied in detail e.g. by Enright & 
Fleischmann [2] and Zhao [3]. According to their studies, the 
measurement uncertainty of the heat release rate per unit area 
(HRR) in the range of 100–500 kW/m

2
 is of the order of 6% 

[2] or 10–35% [3], lower HRR values having higher 
uncertainties. Since the maximum values of heat release rate 
per unit area (HRRmax) in this test series were mostly in the 
range of 250 kW/m

2
 or more, their measurement uncertainty 

can be considered to be typically in the range of 6–15%.  

The repeatability of the results in this test series appeared to 
be good as shown by Table 1 and Figure 1. 

 

RESULTS AND DISCUSSION 
 
The results of the cone calorimeter tests are presented in 

Table 1 and Figure 1. 

Cellobond J2027X showed the best fire performance in 
terms of both time to ignition, heat release and smoke 
production. Its ignition behaviour was exceptional and differed 
clearly from other specimens: first, a small local flame 
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appeared close to the spark igniter, and then the flames spread 
gradually over the specimen surface. 

The specimens based on epoxy or bio-epoxy resin, i.e. 
Prime 27, SR1125 without topcoat and Super Sap, behaved 
rather similarly. The times to ignition were relatively long, but 
heat release and smoke production were high. 

Crestapol 1210 showed intermediate results in terms of 
time to ignition, heat release and smoke production. LEO 
system without a topcoat exhibited results comparable to 
Crestapol 1210, with the exception of higher smoke 
production. 

Elium had the shortest time to ignition. Its maximum heat 
release rate was intermediate but the total heat release was 
high. The smoke production was low. The combustible 
material of Elium specimens was completely consumed during 
the tests, only glass fibres remaining. 

The measured effective heats of combustion were in the 
range of 19−23 MJ/kg for all composite laminates tested. 

Two of the composite laminates, LEO system and SR1125, 
were tested both with and without an intumescent topcoat. The 
coating had a significant influence on the fire performance, as 
seen in Figs. 1a and 1d. In the case of LEO system, the time to 
ignition increased from 50 to 75 seconds in average due to the 
coating. A notable change was seen in the shape of heat release 
rate and smoke production rate curves. For the coated LEO 
system specimens, the curves were rather flat on a very low 
level. In the case of SR1125, the coated specimens exhibited 
two maxima and an intermediate plateau. The times to ignition 
of coated and uncoated SR1125 specimens were similar. For 
both LEO system and SR1125, the total heat release values 
were of the same order for coated and uncoated specimens, but 
the total smoke production was reduced due to the coating. 

The potential of the laminates manufactured using the 
candidate resin systems to meet the criteria of the IMO FTP 
Code Part 5 test [4] can be estimated on the basis of cone 
calorimeter test results at the irradiance of 50 kW/m

2
 as 

presented in [5]. The surface flammability criteria of IMO FTP 
Code Part 5 test are summarized in Table 2. Taking into 
account the criteria for critical flux at extinguishment (CFE), 
the maximum area that can burn to still meet the criteria can be 
estimated. Figure 2 illustrates the estimation of maximum 
burning surface area using the criteria for bulkhead, wall and 
ceiling linings as an example: to meet the criterion of CFE ≥ 20 
kW/m

2
, the maximum burning area is ca. 0.053 m

2
. Taking into 

account the heat release (Qp) limit of 4 kW and the total heat 
release (Qt) limit of 0.7 MJ, estimates for a product fulfilling 
low flame spread criteria can be formed. Using the described 
assessment combined with expert assessment based on 
practical experience, the following results in cone calorimeter 
tests at 50 kW/m

2
 can be used as estimates for the potential of a 

product fulfilling surface flammability criteria: 

 bulkhead, wall and ceiling linings: 
• maximum heat release rate ≤ 80 kW/m

2
 

• total heat release ≤ 13 MJ/m
2
   

• time to ignition at least about 40 s 

 floor coverings: 
• maximum heat release rate ≤ 150 kW/m

2
  

• total heat release ≤ 27 MJ/m
2
 

In all cases, the heat of combustion of the product in the 
thickness used should be ≤ 45 MJ/m

2
. More details on the 

estimation can be found in [5]. It is noted that this assessment 
procedure results in rule-of-thumb estimates for product 
development purposes. It is noted that the estimates are 
conservative, since the flame front in the IMO FTP Code Part 5 
test does not necessarily proceed evenly over the whole width 
of the specimen. Thus, the actual surface area burning can be 
smaller than the maximum area estimate, allowing somewhat 
higher maximum heat release rate and total heat release values 
than stated above. 

On the basis of the estimation above, the phenolic resin 
based Cellobond J2027X shows the best potential to meet the 
surface flammability criteria of IMO FTP Code Part 5 test. 
Also LEO system with topcoat appears to be promising, even 
though its total heat release exceeds the limit of this estimation. 

In the selection of resin systems for the second phase, fire 
performance was not the only criterion, even though it can be 
considered to be one of the main issues in the use of FRP 
materials in large-length ships. Property classes taken into 
account in the selection were mechanical properties (including 
interlaminar shear strength, flexural strength, and flexural 
stiffness), manufacturing (including elevated temperature 
infusion and/or cure requirement, elevated temperature post-
cure requirement, infusion capability, and worldwide 
awareness), and impact (including cost, fire retardancy, worker 
health impact, and recyclability). The weights given to these 
property classes were 20 points for mechanical properties, 50 
points for manufacturing, and 40 points for impact. The 
division of weight points to different properties is shown in 
Table 3. Regarding manufacturing, the need of heat in the 
curing process was seen as a possible reason to eliminate a 
material candidate. Infusion properties were considered to be 
one of the most important factors: if the material is very 
difficult to infuse, it can lead to a poor quality of the 
manufactured part, making it useless. Regarding impact, the 
most important aspects were seen to be fire retardancy and the 
cost. 

Considering the various aspects, LEO system and SR1125, 
both with the topcoat, were selected for the second phase. 
Cellobond J2027X, showing the best fire performance, was 
discarded due to its elevated temperature infusion, cure and 
post-cure requirements, and the high infusion temperature 
required. 

 

SUMMARY AND CONCLUSIONS 
 
The fire performance of seven commercially available resin 

systems was studied by performing cone calorimeter tests of 
glass fibre reinforced composite laminates at the irradiance of 
50 kW/m

2
. As a result, data on the ignitability, heat release, 

smoke production and effective heat of combustion of FRP 
materials based on different resin classes was obtained. 

The best fire performance was exhibited by the laminate 
based on phenolic resin in terms of both time to ignition, heat 
release, and smoke production. 
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The fire performance of FRP materials can be considerably 
improved by suitable intumescent coatings. In this test series, 
coatings could significantly change the shape of heat release 
rate and smoke production rate curves and reduce their 
maximum values. The coatings reduced total smoke production 
but had no significant effect on total heat release. In one case, 
time to ignition was increased by 50 % due to the coating. 

The potential of a product to meet the criteria of the IMO 
FTP Code Part 5 test can be estimated on the basis of cone 
calorimeter tests at the irradiance of 50 kW/m

2
. It is noted, 

however, that the estimation is indicative: the estimation 
procedure has been put on the safe side and a product can pass 
Part 5 even though all cone calorimeter test results would not 
refer to that. 

Even though fire performance is an important issue in the use 

of FRP materials, also other properties must be taken into 

account. This includes at least mechanical properties, 

manufacturing aspects, and the cost. 
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Table 1. Cone calorimeter test results of composite laminates. Abbreviations: tig = time to ignition; HRRmax = maximum heat release rate; 

THR = total heat release; TSP = total smoke production; Hc, eff = effective heat of combustion. 

Resin class Resin details  tig  

(s) 

HRRmax 

(kW/m
2
) 

THR  

(MJ/m
2
) 

TSP  

(m
2
) 

Hc, eff 

(MJ/kg) 

Vinylester LEO system without 

topcoat 

Test 1 53 330 36.0 16.0 20.6 

Test 2 47 341 31.0 14.2 20.3 

Average 50 336 33.5 15.1 20.4 

LEO system with 

topcoat 

Test 1 75 69 42.2 8.5 19.6 

Test 2 74 68 42.3 9.1 19.6 

Average 75 69 42.3 8.8 19.6 

Urethane 

acrylate 

Crestapol 1210 Test 1 43 320 36.2 9.7 20.8 

Test 2 44 308 34.6 9.0 20.6 

Average 44 314 35.4 9.3 20.7 

Epoxy Prime 27 Test 1 60 494 40.1 10.9 22.1 

Test 2 59 498 38.7 10.5 21.6 

Average 60 496 39.4 10.7 21.9 

Epoxy SR1125 without 

topcoat 

Test 1 50 507 43.8 13.9 21.1 

Test 2 55 585 41.1 13.0 21.0 

Average 53 546 42.5 13.5 21.1 

SR1125 with SGi 128 

topcoat 

Test 1 50 267 43.7 9.6 21.6 

Test 2 53 255 37.6 9.0 20.8 

Average 52 261 40.7 9.3 21.2 

Bio-epoxy Super Sap CLR Test 1 60 498 41.2 11.9 22.3 

Test 2 62 541 42.7 12.1 23.6 

Average 61 520 42.0 12.0 23.0 

Phenolic Cellobond J2027X Test 1 86 *
)
 74 9.9 0.4 19.3 

Test 2 115 *
)
 67 9.9 0.3 19.0 

Average 101 *
)
 71 9.9 0.4 19.1 

Thermoplastic Elium Test 1 23 251 41.2 1.8 22.7 

Test 2 22 258 40.1 1.8 23.0 

Average 23 255 40.7 1.8 22.9 

*) The first flame of sustained flaming, close to the spark igniter. The flames spread gradually over the whole specimen surface. 

 

 
Table 2. Surface flammability criteria in IMO FTP Code Part 5 test [4]. Abbreviations: CFE = critical flux at extinguishment; Qsb = heat for 

sustained burning; Qt = total heat release; Qp = peak heat release. 

Quantity Floor coverings Bulkhead, wall and ceiling linings 

CFE (kW/m
2
) ≥ 7.0 ≥ 20.0 

Qsb (MJ/m
2
) ≥ 0.25 ≥ 1.5 

Qt (MJ) ≤ 2.0 ≤ 0.7 

Qp (kW) ≤ 10.0 ≤ 4.0 
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Table 3. Weight points of different properties in the selection of resin systems for the second phase. 

Property class Property Weight points 

Mechanical properties Interlaminar shear strength 10 

Flexural strength 5 

Flexular stiffness 5 

Manufacturing Elevated temperature infusion and/or cure requirement 10 

Elevated temperature post-cure requirement 10 

Infusion capability 20 

Worldwide awareness (i.e. well known and easily available) 10 

Impact Cost 15 

Fire retardancy 21 

Worker health impact 2 

Recyclability 2 
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c) 

  
d) 
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e) 

  
f) 

  
g) 

  

Figure 1. Heat release rate (left) and smoke production rate (right) results of composite laminates in cone calorimeter tests with an 

irradiance of 50 kW/m2: a) LEO system with and without a topcoat, b) Crestapol 1210, c) Prime 27, d) SR1125 with and without a topcoat, e) 

Super Sap CLR, f) Cellobond J2027X, and g) Elium. Note that the time scale of LEO system graphs is double compared to other graphs. 

 

 

Figure 2. Estimation of maximum burning surface area for meeting the criteria for bulkhead, wall and ceiling linings in IMO FTP Code 

Part 5 test. 
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INFLUENCE OF VENTILATION CONDITIONS ON 

THE COURSE OF THE FIRE 

It is known, that the ventilation conditions of a building 
influences the course of a fire. While in houses that are not 
subject to energy efficiency standards ventilation usually takes 
place via windows, ventilation systems are used in modern 
buildings. In order to achieve an energy efficiency standard, a 
building has to meet high demands of the energy requirements. 
That is why the construction of an energy-efficient building 
differs from a conventional building by 

 better heat insulation of the building cover,  

 higher requirements for the glazing, 

 mechanical ventilation system, 

 low ventilation rate and 

 higher requirements concerning the air-tightness. 

Due to the ventilation system, there is a directional airflow 
from the supply to the exhaust air zone. A directional airflow 
can also occur during window ventilation.  

But does smoke spread in a building with ventilation 
system, differ from smoke spread in a window ventilated 
building? There are many publications that investigated the 
smoke spread and the course of a fire. An overview of how to 
estimate the environmental consequences of a fire in an 
enclosure can be found in [1].  

Drysdale [2] presents different experimental results for the 
fuel and ventilation conditions necessary for flashover. One of 
the most important results was that the rate of burning of a 
wood crib in a compartment under conditions of restricted 
ventilation is that the mass flow of the wood crib is 
proportional to the product of the area and the high of the 
ventilation opening.  

CFD simulation for fully-developed fires in a room under 
different ventilation conditions were carried out by Saber and 
Kashef [3]. They found that in the case with a window and 
door located in the same wall, the size of the window had an 

insignificant effect on the fire characteristics. In the case with a 
window and door facing each other and in the case with only a 
window the size of the window had a significant effect on the 
fire characteristics. Further literature on fire behavior under 
different ventilation conditions can be found in [4, 5].  

But none of these publications examines the influence of 
the directed air flow with regard to the smoke propagation as a 
result of a ventilation system. To close this knowledge gap, 
CFD simulations were carried out to investigate the influence 
of directed air flow due to different ventilation types.  

In the first part of the simulations, the air flow that occurs 
in a building due to window ventilation or through a ventilation 
system was examined. The results of this study form the basis 
for the investigation of smoke propagation in case of fire. In 
the second part of the simulations the smoke propagation was 
investigated. The numerically calculated temperatures and 
relevant events, e.g. a flashover, was checked for plausibility 
using empirical calculation methods. 

 

NUMERICAL SETUP 

 

 A family home with ground floor and first floor meeting the 
passive building standards was selected as representative for 
suburban housing. The selection of the building is based on the 
census survey [6]. The survey and the evaluation of the data 
collected in the census depict the current housing situation in 
Germany. The evaluation of the census shows that the most 
common residential building in West Germany is a detached 
single-family house with a floor space of 80-139 m². The 
construction of the house was accompanied by the Passive 
House Institute [7]. Fig. 1 shows the design of the house and 
the allocation of furniture. The living area of the house is 
131 m². 
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Figure 1. Design of the dwelling and allocation of furniture 

In the simulation, the following types of ventilation were 
distinguished: 

 combined exhaust and supply ventilation system 
(also referred to as mechanical ventilation), as it is 
typical for modern buildings meeting an energy 
efficiency standard (see Fig. 2 left hand side) 

 window ventilation, as it is typical for buildings 
that meet no energy standard (see Fig. 2 right hand 
side) 

A combined exhaust and supply ventilation system is 

working with two fans. One of the fans conveys a supply air 

volume flow into the fresh air rooms. The other fan ensures 

that the used air is transported out of the building. Depending 

on how a room is used, it is assigned to the supply air or 

exhaust air side. The Fig. 2 shows the room layout for the two 

ventilation types. On the left hand side the assignment to the 

supply or exhaust air zone for the case with combined exhaust 

and supply ventilation system is displayed. The arrows in Fig. 

2 points to/from the places in the ceiling, where the supply and 

exhaust air valves are located. In the setup with combined 

exhaust and supply ventilation system all the windows and 

doors were closed. In order to allow air circulation between the 

rooms, there are small overflow openings in the doors. The 

overflow openings are located at the bottom of the doors with 

exception of the bathroom doors. The required supply and 

exhaust air volume flows were calculated according to [8]. 

The required volumes flows are summarized in Table 1.  

 
Table 1. Supply and exhaust air flow for combined ventilation 

system 

Room Supply air 

flow 

Room Exhaust air 

flow 

Living Area 69 m³/h Kitchen 53 m³/h 

Sleeping 

Room 1 

31 m³/h Utility 

Room 

28 m³/h 

Sleeping 

Room 2 

31 m³/h Bathroom  28 m³/h 

Study 31 m³/h Ground 

floor 

53 m³/h 

 162 m3/h Bathroom  162 m3/h 

In Fig. 2 on the right hand side the room layout for the 

window ventilated case is shown. In the window ventilated 

case the window in the living room, the kitchen, and in the 

utility room were opened with an opening area of 0.36 m². The 

house was surrounded by an air velocity of 3m / s. This 

corresponds to the wind scale of the German weather service a 

light breeze. It was assumed that the wind hits the living room 

window head-on. This allowed a directed air flow for the 

ground floor from the living room to the exhaust air rooms. At 

the first floor the window in the bathroom was opened because 

the bathroom was the only exhaust room at the first floor. The 

wind passed the bathroom window lateral.  

To ensure that the overflow area is similar between the 

simulations with combined exhaust and supply ventilation 

system and window ventilation, the doors between the rooms 

were closed and the air circulation between the rooms was 

realized with the small overflow openings in the doors during 

the window ventilated simulations, too. 

In the first step of the following investigation, the air flow 

in the house for the case with ventilation system was 

compared to the air flow due to window ventilation. As a 

result of this examination no significant differences between 

the air flows has been found [9].  

 The simulations were carried out with the computational 
fluid dynamics software ANSYS CFX

®
 14.5 and R14.5 [10-

15]. ANSYS CFX
®
 uses the finite volume method for 

discretization. The general transport equation in differential 
form is given with equation 1 [16]. The equations 2, 3 and 4 
show the equations for conservation of mass, energy and 
momentum [16]. 

𝜕

𝜕𝑡
(𝜚𝜙) +

𝜕

𝜕𝑥𝑖
(𝜚𝑢𝑖𝜙) =

𝜕

𝜕𝑥𝑖
(Γ𝑖

𝜕𝜙

𝜕𝑥𝑖
) + 𝑆𝜙  (1) 

𝜕𝜚

𝜕𝑡
+

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑗) = 0    (2) 

𝜕ℎ

𝜕𝑡
+

𝜕

𝜕𝑥𝑖
(𝑢𝑖ℎ) =

𝜕

𝜕𝑥𝑖
(𝑘

𝜕𝑇

𝜕𝑥𝑖
) + 𝑆ℎ   (3) 

𝜕

𝜕𝑡
(𝜚𝑢) +

𝜕

𝜕𝑥𝑖
(𝜌𝑢

𝑖
𝑢) =

𝜕

𝜕𝑥𝑖
(𝜇

𝜕𝑢

𝜕𝑥𝑖
) −

𝜕𝑝

𝜕𝑥
𝜕 + 𝑓

𝑥
 (4) 
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Combined exhaust and supply ventilation system Window ventilation 

  

  

Figure 2. Room layout with assignment to the supply and exhaust air zone (left side) and open windows (right side) 

 
 

The model settings used for the simulations reported here 
are summarized in Table 2. Boundary conditions and settings 
for inlets, outlets and openings can be found in [9]. 

 
Table 2. Settings of simulation 

Fluid Models Set-up 

Heat transfer Thermal Energy 

Turbulence k-ε Model 

Combustion Eddy Dissipation (EDM) 

Thermal Radiation P 1 
 

Because of the numerous inclined surfaces and the adaptive 
meshing, a tetrahedral (unstructured) mesh was chosen. In 
regions where high flow gradients were expected the mesh was 
locally refined. This relates in particular to the areas in front of 
the exhaust and supply valves as well as the areas in front and 
behind the overflow openings for the simulations with 
combined exhaust and supply ventilation system. For the 
window ventilated simulations the mesh density for the volume 
around the window openings and the overflow openings were 
increased. A grid-independent solution of the differential 
equation system underlying the calculation algorithm resulted 
for 675,976 nodes with a minimum grid step width of 1 cm and 
a maximum grid step width of 8 cm (simulations with 
combined exhaust and supply ventilation system) [9]. For the 
window ventilated cases a grid-independent solution was 
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achieved for a mesh with 1,036,340 nodes and a minimum grid 
step width of 1 cm. The maximum grid step width was 6 cm. 
The number of nodes is larger for these simulations, because 

the environments in front of the windows were meshed. Table 
3 shows the mesh quality in % for the measures aspect 
ratio, orthogonality angle and expansion factor. 

 
Table 3. Mesh quality 

Combined exhaust and supply ventilation system 
 

Measure Good Acceptable Poor 

Aspect ratio 100 % 0 %    0 % 

Orthogonality angle 99 % 1 %    0 % 

Expansion factor 85 % 15 % < 1 % 

 

Window ventilation 
 

Measure Good Acceptable Poor 

Aspect ratio 100 %    0 %    0 % 

Orthogonality angle 100 % < 1 %    0 % 

Expansion factor 87 % 13 % < 1 % 

 

For the heat transfer through the building envelope to the 
environment a heat transfer coefficient was chosen (see Table 
4). The heat transfer coefficients were based on 20 existing 
passive houses [7]. The values from Table 4 were used for the 
simulations with window ventilation and for the simulations 
with combined exhaust and supply ventilation system, too. 

 

Table 4. Heat transfer coefficient for different building parts 

Part Heat transfer coefficient 

Roof 0.24 W/m²K 

Window 0.65 W/m²K 

Outer Wall 0.09 W/m²K 

 

AIR FLOW INSIDE THE BUILDING REALTED TO 

DIFFERENT VENTILATION TYPES 

 

The combined ventilation system forms a characteristic 

directed air flow. The air flow from a supply room to an 

exhaust room is controlled by the pressure difference across 

the supply to exhaust areas. Table 5 shows the pressure 

difference between the corridor and the adjoining rooms. From 

Table 5 it can be seen that the pressure difference and thus the 

speed of the airflow, which is formed by the combined supply 

and exhaust air system, is considerably smaller than in the 

window ventilated case. 

The results of the cold air flow were used to initialize the 

fire simulation. 

 
Table 5. Pressure difference between the corridor and adjoining 

rooms for a supply and exhaust ventilation system and for a 

window ventilation 

 pressure difference to the corridor in 

[Pa] 

Room Exhaust und 

supply air system 

Window 

ventilation 

Open living area 0 0 

Utility room 0.4  3.5 

Guest toilet 0.4 - 

Sleeping room 0.4 0 (open door) 

Working room 0.4 3.5 

Bath room  0.6 3.5 

 

FIRE SCENARIO 

 

For both ventilation types, the fire was supposed to start 

in the utility room with a fuel load of 531 MJ/m² floor area. 

Compared to maximum values from literature [17], it is a 

relatively small value. It was presumed, that there were no 

high risk items (like upholstered furniture) with a high energy 

density in the utility room. The fuel consisted of plastics like 

PE, PP, PVC, PUR and cellulose as well as wood. The 

chemical reactions, material properties and ignition 

temperatures that are necessary for the combustion process 

and the fire spread are presented in [9]. In the simulations the 

burning materials were built up as a solid with a solid fluid 

interface through the surrounding air. On the fluid side of the 

interface, a continuity and energy source was implemented to 

generate a time dependent and material specific fire spread. A 

validation of the fire spread and chemical reactions is 

published in [18].  

It was assumed, that paper starts to burn in the utility 

room. The original fire was setup as a wall with an area of 

0.01 m² and a source function (User Defined Function) for a 

paper mass flow and a heat flux. The release of the mass flow 

and heat flux begins with the start of the simulation. Within 60 

seconds, the mass flow increases to 0.08 g/s. At the same time, 

the heat flux increases to 25 kW. 

 

 
Figure 3. Utility room with adjacent corridor and fuel load 
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The place of fire origin is located between the shelf and 

the paper on the floor. In both ventilation types, the shelf gets 

on fire 180 s after ignition. In the window ventilated 

simulation the fire does not spread any further (see Fig. 4 a), 

while the fire in the setup with ventilation system continues to 

spread (see Fig. 4 b). The figure 4 shows the fire spread over 

the shelf 180 s and 330 s after ignition.  

 

 

  

(a) 180 s after ignition (b) 330 s after ignition 
 

Figure 4. Fire spread over the shelf. The red colored areas are on 

fire. 

As it can be seen in figure 5 the evolution of the 

temperature with time was computed to be similar in the first 

180 s for both ventilation conditions. After 180 s the 

temperature in the window ventilated fire remained nearly 

constant with values of 105°C. Temperature in the fire with 

mechanical ventilation system increased slowly until 300 s 

and reached a value of 150°C. After that a flashover occurred 

and the temperature in the upper layer of hot gases increased 

rapidly up to 990°C. The calculated temperatures and the time 

to flashover were verified by hand calculations (see [9]). 

 
Figure 5. Temperature versus time 1.8 m above floor in the utility 

room 

INFLUENCE OF THE FIRE ON THE PRESSURE 

DIFFERENCES BETWEEN THE ROOMS 

 

As mentioned in Section 3 the pressure differences 

between the rooms and the adjacent corridor depends on the 

ventilation conditions. For the first 120 s during the fire with 

mechanical ventilation system the pressure difference between 

the utility room and the adjacent corridor is less than 1 Pascal. 

120 s after ignition of the fire, the pressure in the utility room 

increased up to approximately 3 Pascal, while the pressure in 

the corridor reached values up to -0.3 Pascal (see Fig. 6). As a 

result, the air flow reverses and smoke can flow into the 

corridor. In comparison to the fire scenario ventilated by 

combined exhaust and supply air system, there is a pressure 

difference of 3.5 pa between the utility room and the corridor 

in the fire simulation with window ventilation. In that 

simulation, the smoke did not spread into the corridor. 

 
Figure 6. Pressure vs. time curves during the fire for ventilation 

system (above) and window ventilation (below) 
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SMOKE SPREAD THROUGH THE BUILDING AS A 

RESULT OF A VENTILATION SYSTEM 

 

The following figures show the smoke propagation as a 

result of the ventilation system. A User Defined Function was 

set up for the evaluation of the smoke spread. The user defined 

function is defined as the sum of the combustion products over 

all mass fractions. In the gray-colored areas, the determined 

smoke concentration is greater than or equal to 1 percent.  

In figure 7 a) it can be seen that the smoke 200 s after 

ignition already went down to half room height. After 300 s, 

the smoke reaches the floor (see Fig. 7 b). Smoke from the 

utility room penetrates into the corridor by the overflow 

opening after 350 s (see Fig. 7 c). Fig. 7 d) shows that the 

corridor is filled with smoke after 400 s and that smoke enters 

into the living room.  

 

 

 

 
 

a) 200 s after ignition b) 300 s after ignition 

 
 

c)  350 s after ignition  d) 400 s after ignition 
Figure 7. Smoke spread at the ground floor at different times as a result of the ventilation system 
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The smoke goes up in the stairwell and, 375 s after the 

fire was ignited, it fills the upper floor almost as far as the 

lintel height (see Fig. 8 a). 400 s after ignition (Fig. 8 b), the 

smoke moved into the guest toilet and into the kitchen on the 

ground floor. In addition, the smoke spreads through the 

overflow opening in the bathroom on the first floor. At time t 

= 420 s the smoke in the kitchen has fallen to half of the room 

high. 

 
a) 375 s after ignition 

 
b) 400 s after ignition 

 

Figure 8. Vertical smoke spread 375 s a) and 400 s b) after ignition 

SMOKE SPREAD IN THE BUILDING AS A RESULT 

OF WINDOW VENTILATION 

 

During the window ventilated fire, the smoke spreads 

from the place of fire origin to the mid-ceiling after 200 s. On 

the opposite wall of the fire the smoke sinks to the floor (Fig. 

9 a). Between the window and the place of fire origin the 

smoke layer is not as deeply pulled down, as in the other parts 

of the room (see Fig. 9 b). The sinking behavior of the smoke 

layer results from an air flow, that moves from the window 

into the room towards the source of the fire.  

 
a) 200 s after  

 
b)  300 s after ignition 

 
Figure 9. Smoke spread as a result of window ventilation at 

different times after ignition 
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After 400 seconds, the smoke completely fills the utility room (see 

Fig. 10). 

 

Figure 10. Smoke spread 400 s after ignition in the window 

ventilated fire 

 

COMPARISON OF TOXIC HAZARDS 

 

For predicting toxic hazards the Fractional Effective Dose 

model (FED) was implemented by user functions [19, 20, 21]. 

If the FED reaches a value of 1,, persons are unable to flee 

[21]. About 88.6% of the population can save themselves if 

the FED value is below 0.3. The figure 11 shows the FED 

value on the smoke at 300 s for the two different ventilation 

types. For a better orientation, the furniture in the following 

figures is colored grey. 

As it can be seen from the figure 11 a) and b) the toxic 

hazard of the smoke does not differ much after 300 s.  

In the simulation with combined exhaust and supply 

ventilation system it came 370 s after ignition to a flashover. 

After that the FED in the room of fire origin reaches values 

greater or equal to 0.3 (Fig. 12 a). In the course of the window 

ventilated fire, the FED reaches values greater than or equal to 

0.3 only in the flame zone but not in the remaining room (Fig. 

12 b). 

 

 

 

a)  combined exhaust and supply ventilation system 

 

b)  window ventilated fire 
 

Figure 11. FED value after 300 s in the case of mechanical 

ventilation a) and window ventilation b) 
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a) combined exhaust and supply ventilation system  

 
b) window ventilation 

Figure 12. FED value after the flashover in the simulation with 

combined exhaust und supply system a) and for the window 

ventilated case b) 

 

CONCLUSIONS 

 

The results presented here are subject to the following 

assumptions: 

 In the window ventilated simulations the opening 

area of the windows was assumed to be 0.36 m². 

 The breakage of the windows was not considered. 

 It was assumed, that the wind flows with a speed of 

3 m/s. 

 The combined exhaust and supply system worked 

with a constant volume flow (see Table 1). 

 The smoke spread smoke spread through the piping 

system of the ventilation system was ignored. 

Under the assumptions described above, the following 

results were noted: 

The ventilation system has an important impact on the 

smoke spread and on the fire course. It could be shown that, 

regarding to the ventilation type, pressure differences between 

adjacent rooms exist. In the simulations presented here, the 

combined supply and exhaust ventilation system forms a 

smaller pressure gradient between the rooms as the window 

ventilation. From this, it can be deduced that also the speed of 

the airflow is slower related to the ventilation system.  

The statement that the smoke propagation is faster due to 

the airflow through the ventilation system [22] is refuted by 

the simulations. The smoke in a building with a ventilation 

system spreads faster due to the pressure conditions inside the 

building.  

In the simulation with window ventilation, the fire spread 

stops after 180s. The energy needed for the fire to spread is 

transported outside through the open window. Further 

investigations are necessary to find out how great the heat 

removal from a room must be, so that a flashover does not 

occur. It is also important to consider whether pressure relief 

openings in the building walls can help to keep the smoke in 

the fire area.  

In order to be able to generalize the results further 

investigations are necessary. It should be investigated how the 

smoke and fire spreads when windows shatter or the wind 

influence changes. In addition, it has not been considered how 

the fire behaves when other windows or doors are opened or 

closed. 
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ABSTRACT 
 
 It is of great importance to understand the failure of 

window glazing when assessing any compartment fire, due to 
the possible change in ventilation conditions. Yet, very little 
research has been conducted on window glazing exposed to 
fire environments. Previous research [1] has shown that typical 
window glazing fail due to cracking initiated by tensile stresses 
at the edges. The stress accumulates due to a higher thermal 
expansion of the exposed glazing (warm) than of the non-
exposed glazing shaded by the frame (cold). Still, the direct 
influence of the shading width on the cracking was only 
sparsely investigated [2]. The present work aimed at addressing 
this lack of knowledge, by investigating the influence of 
shading width on a single-layer of glazing exposed to different 
levels of heating. A series of experiments were conducted on 
400x400x4 mm glass specimens, which were set up in a 
window frame replica and irradiated with a gas-driven burner 
until cracking was observed. The burner was installed to 
deliver three different levels of heating, namely: 5, 10, and 15 
kW/m

2
. Four different shading widths of the frame were 

considered: 10, 15, 20, and 25 mm.  

 The results show that the shading width influences the time 
until cracking when the glazing is exposed to a low heating 
rate. However, heating rates above 10 kW/m

2
 will generate the 

temperature difference needed to exceed the fracture stress in 
such a pace that the shading width loses its significance. The 
time for cracking to occur was less than a minute for heating 
rates higher than 15 kw/m

2
. The results also show that a change 

in shading width influences the temperature difference between 
the exposed and shaded glazing at the time of cracking. The 
experimentally found temperature difference at fracture was 
around 55 °.  
 
INTRODUCTION 

 
At the time fire science developed, single-glazing windows 

were used in buildings. These windows were assumed to fail 
before flashover and therefore considered as openings in 
structural fire design. Accordingly, the possibility of having a 
longer fire and thereby higher heating of structural elements, 
due to the extended time available for conduction, is not 
considered by resistance classes defined in current regulations.  

 However, today multi-layer windows are very common. 
Not only in new buildings but also in older buildings, which 
have been renovated due to compliance with low-energy 
requirements. The resistance to fire of multi-layer windows is 
known to be higher than single-layer windows, because glazing 
layers in succession to the one closest to the fire will have a 
different heat impact [3, 4]. The assumption of glass breakage 
before flashover, or even later in the fire scenario, could 
therefore be highly inaccurate [5] and lead to unsafe design. 
Therefore, it is essential to understand the behaviour of multi-
layer windows. However, the behaviour of the first layer of 
glazing in a fire strongly influences the behaviour of the 
following layers and thus the overall fire resistance of the 
window. This is because the first layer of glazing works as a 
radiant filter, which only lets through electromagnetic waves 
(i.e. radiational heat) that will also pass through subsequent 
layers [6]. Consequently, in order to predict the breakage of 
multi-layer glazing windows and reduce the design uncertainty 
related to the amount of ventilation in post-flashover fires, it is 
essential to completely understand the mechanisms leading to 
cracking for single-layer glazing, which is not the case at this 
point.  

 State of the art research has made it clear that any glazing 
fallout is initiated by cracking. Cracks always origin at the edge 
of the glazing and, according to the breakage criterion [7, 8, 9], 
they occur due to a critical temperature difference ∆T between 
the irradiated and shaded glass, which with typical values can 
be expressed as: 

∆𝑇 =
𝑔 𝜎𝐹

 𝐸 𝛽
=

1 ∙ 40 MPa

70 GPa ∙ 9 ⋅ 10−6K−1
= 63.5 ℃  (1)

where 𝑔 is a geometric factor close to unity, β is the 
thermal coefficient of linear expansion of glass, and E and 𝜎𝐹 
are the modulus of elasticity and the tensile strength of glass, 
respectively.  

 This temperature difference is caused by the fact that the 
part of the glazing behind the frame is protected from heating 
and thus cooler than the part of the glazing directly irradiated 
by the fire. This phenomenon introduces tensional stress at the 
rim because the shaded glazing is expanding less than the 
exposed part of the glazing. Ordinary window glazing (a soda 
lime silicate product) is fabricated around the world with 
consistent material properties (modulus of elasticity, expansion 
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coefficient). Therefore, the most interesting factor to study in 
the breakage criterion is the critical temperature difference. The 
critical temperature differences obtained in prior experiments is 
greatly varying, ranging between 40 and 190 

o
C [2, 10, 11, 12, 

13, 14], and seems very dependent on the experimental setup 
parameters such as frame width, glass thickness, heating rate, 
and measuring equipment. For this study it was deduced, based 
on state of the art, that the most apparent missing research to 
investigate was the direct influence of the shading width on the 
cracking. This parameter was only sparsely investigated and 
only with a single heating rate [2]. However, it is also evident 
that the heating rate of glazing is crucial for the time to 
cracking. Therefore, it was decided to investigate the shading 
width influence on cracking under the influence on multiple 
levels of heating rate. During prior experiments reported in 
literature [15], the shading width have been varied in the range 
6.35 to 50 mm. A market research conducted by the authors 
showed that common window frames have a shading width in 
the range from 10 to 25 mm. Thus, four shading width within 
this range were selected with 5 mm intervals and used for the 
experimental investigation. Multiple studies [12] have 
specified that a heating rate lower than 5 kW/m

2
 would not be 

sufficient to cause cracking and, further, that 18 kW/m
2
 would 

have caused cracking in less than a minute. Thus, three heating 
rates within this range were chosen for the tests, namely 5, 10, 
and 15 kW/m

2
. 

 
EXPERIMENTAL SET UP 

 
 The experimental setup consisted of a float glass specimen, 

placed in a reusable frame system, a gas-driven heating panel, 
and monitoring equipment (Figure 1).  

 
Figure 1. Experimental setup overview 

 
The glazing specimens were 4 mm standard soda-lime 

float-glass samples. They were cut by a glazier into the 
requested size of 400x400 mm. The specimens were cut on a 
computer-controlled cutting table by a steel wheel, with no 
subsequent treatment of the edges. The specimens were 
installed supported at the bottom by two 50 mm blocks placed 
50 mm from each end, as described by Danish and 
international glass industry [16, 17]. At the exposed and the 

non-exposed side, the glazing was supported by the reusable 
window frame replica. The frame was constructed using fire 
resistant boards (22 mm thick “FireFree 850”) on top of a 
supporting aluminium rod skeleton. The inward turning faces 
were fitted with 10 mm thick ceramic wool insulation. The 
insulation was installed to act as the elastic joint that typical 
can be found between the hard frame material and the glazing 
in actual windows. To avoid radiative influence on the frame 
system aluminium foil were attached to the exposed side of the 
frame.  

The gas driven panel was an industry purpose burner 
produced by “aem BRÜLEUR”; it measured 500x500 mm. The 
burner was supplied with nature gas from the supply system at 
the fire lab. The level of radiation delivered by the burner were 
varied by moving the burner back and forth on a rail system, 
and to a lower extend by adjusting the gas and air input. The 
setup with a burner on a rail system were invented by C. Maluk 
[18] who gave it the name “Heat Transfer Rate Inducing 
System” (H-TRIS). The burner needed time to heat up in order 
to deliver a steady level of radiation on the glass from the 
beginning of the test. Therefore, a shield made by the fire-
resistant boards was placed between the burner and the 
specimen during the beginning of all experiments. 

To monitor the temperature, K-type thermocouples (TCs) 
were applied at the glazing surface. K-type TCs are produced 
with a wire base of nickel with conductors of respectively 
chromium and aluminium. They have a working range of -270 
°C to 1260 °C and a standard accuracy of ± 2.2 

o
C or ± 0.75%. 

No former experimental work provides a clear indication on 
how to implement the temperature measuring equipment [14-
17]. However, former research did conclude that directly 
irradiated TCs were heated more than the glazing due to direct 
radiation [10] and that aluminium sheets could be utilized to 
block the direct radiation [19]. Accordingly, pilot experiments 
were undertaken [15], which resulted in a final set-up where 
ten TCs where attached to the glazing as shown in Figure 2. 
The TCs numbered from 1 to 9 were attached to the non-
exposed side of the glazing; uneven numbers were placed on 
the unshaded part and even numbers were placed on the frame-
shaded part. TC number 10 was placed at the centre of the 
exposed side of the glazing. All the TCs had direct contact 
between the glass surface and the TC tip without the use of 
adhesive. The contact was ensured by a slight compression in 
the TC cable, which makes the cable stand like a spring 
between a narrow hole drilled in the framing and the glazing. 
All non-exposed side TCs were shielded from transmitted 
radiation by a round piece of aluminium tape (10 mm in 
diameter). The tape pieces were placed on the exposed side of 
the glazing and centred according to the TC tips. The TCs 
located behind the frame was placed on the glazing surface 
through a 5 mm hole drilled in the frame. These TCs were 
placed as close to the glazing edge as possible in order to 
measure the coolest part of the specimen. The TC on the 
exposed side (TC number 10) was placed with its tip pointing 
directly into the glazing surface and was therefore expected to 
measure over-estimated temperatures, due to the direct heating. 
A Hukseflux water-cooled sensor (model SBG01) was 
implemented in the setup, to measure the variation of the 
incident heat flux. The sensor was fixed flush to the irradiated 
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glazing surface on the upper side of the specimen, to ensure a 
measurement point as close as possible to the location of 
impact. Finally, a video camera recorded all of the 
experiments. 

In total, 39 final experiments were carried out. Beforehand, 
several pilot experiments were conducted to prepare the final 
experimental setup [15]. 12 to 15 experiments were carried out 
for each of the 3 heating rates considered, at least 2 for each of 
the 4 shading widths used. Each experiment is identified by a 
letter that indicates the heating rate (L for 5 kW/m

2
, M for 10 

kW/m
2
, and H for 15 kW/m

2
), a number that indicates the 

shading width, and a point followed by a number that indicates 
how many times the same experiment was repeated. The 
experiment indicated as M10.3 e.g. indicates the 3

rd
 test 

repetition with 10 kW/m
2
 heat flux and 10 mm shading width. 

 
Figure 2. Thermocouple attachment scheme sketch 

RESULTS AND DISCUSSION 
 
The experiments were overall conducted successfully. The 

entire set of gathered data is shown in Table 1. 

General remarks for experimental results 

This section includes general remarks to the experimental 
results. The remarks are presented in the sequential order of 
Table 1. The H-TRIS installation led to a relatively consistent 
“Average heat flux” output to the specimen. The results show 
that a longer exposure time generally led to a higher average 
heat flux exposure. This trend was expected, due to the slow 
heat up of the burner, as observed in pilot experiments [15]. 
The tabulated heat flux is an average of all the data collected in 
the irradiation period before crack occurrence. The highest 
burner output (15 kW/m

2
) was found to be the hardest to keep 

stable. Accordingly, a few inaccurate heat flux outputs were 
seen for the high heating rate (H20.1 and H20.2, as noted in 
Table 1); thus, these tests are excluded in the following results. 
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Table 1. Entire set of results (decimal comma) 

 

 
The “Time to first crack” looks relatively constant for the 

individual sets of experiments. Yet, there were three cases 
where a single test resulted in a shorter time than its repetitions. 
One of these cases was test L10.1, for which a severe edge flaw 
was inferred. This hypothesis is based on determination of a 
low fracture stress and further the resemblance to H10.3 where 
a distinct flaw was visually observed; thus, data from these two 
tests are not included in the presented results. A noteworthy 
time drop was also seen for L15.3. However, this outlier result 
could not be explained and the test is therefore included in the 
presented results. Under this precondition, the results clearly 
show that the heating rate of 5 kW/m

2
 is barely sufficient to 

break windows with only 10 mm of shading width. The tests 
that did not lead to fracture (L10.2-4) were continuously heated 
for up to 1200 seconds (20 min) and was only terminated after 
the shaded part of the glazing had reached a higher temperature 
than the exposed part. With this temperature distribution edge-

cracking could theoretically no longer occur. The increased 
temperatures at the shaded part could be explained by the 
insulating abilities of the frame, which could limit the 
dissipation of heat from the shaded part of the glazing. On the 
other hand, the exposed part of the glazing will reach an 
equilibrium with the cooling (no boundaries). 

Throughout the testing no erroneous data were detected for 
the temperature measurements. The local temperatures were 
measured at the edge where the cracking initiated and includes: 
Tn,u the non-exposed and unshaded glazing temperature, Tn,s 
the non-exposed shaded glazing temperature, and the local bulk 
temperature ΔTBulk (calculated by Eq. 2). The global 
temperatures are average values determined from all non-
exposed side TCs and indicated by adding a single “G” (short 
for Global) to the index. The bulk temperature was calculated 
as the difference between average exposed and non-exposed 
glass surface temperature and measured edge temperature, as: 
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ΔTBulk =
Tn,u + Te,u

2
− Tn,s#(2) 

 
Figure 3. Temperature in M20.3 and validation curve from [12] 

 
Te,u is the analytically determined exposed unshaded 

glazing surface temperature, calculated as described in [15]. 
All the temperatures given in the results were taken at the exact 
time of crack initiation. A typical temperature progression for 
the glazing specimen is presented in Figure 3. The figure is a 
representation of how all data was extracted. 

Shading width influence on time to cracking 

 On Figure 4 the shading width influence on time to first 
crack initiation is plotted in a graph for each level of heat flux. 
The graph clearly indicates that a higher imposed heat flux 
(and thereby higher heating rate) results in an earlier crack 
occurrence. This trend was expected, since the critical 
temperature gradient, which drives the stress accumulation, is 
reached faster.  

 The time to crack initiation is observed to decrease with 
increasing shading width, for low heating rates (5 kW/m2), 
although large standard deviation is seen. The same decrease is 
visible from 10 to 15 mm of shading in case of medium 
heating. However, for shading widths higher than 15 mm and 
for all shading widths in case of high heating, the time to crack 
initiation stays almost constant. A similar increment of the 
cracking time with increasing shading width was also observed 
during the experiments conducted by Wang, et al. [2] for a 
similarly low heating build-up. This trend is not found for the 
high heating, for which the shading width has no noticeable 
influence. The authors believe that the large difference in time 
with heating rate can be explained by the poor glass 
conductivity. Thus, a low heating rate leaves time for the glass 
to conduct enough heat to the edge and delay the time to reach 
a critical temperature difference and the consequent 
development of critical stress. On the other hand, a high 
heating rate does not give enough time for the heat to travel to 

the edge. This is supported by the temperature measurement 
behind the frame, which is plotted against time on Figure 5. 
From the figure, it is clearly seen that the temperature at the 
edge increases with time for the lowest heating rate. The same 
trend can be seen for the few points with a longer time to 
cracking for medium heating. However, not for high heating 
where there was nearly no time variation. The temperature will 
be discussed in more depth in the next sections. 

 
Figure 4. Time to first crack compared to shading width 

 
Figure 5. Time to first cracking compared to local edge 

temperature 

Shading width influence on the critical temperature 
difference 

Local temperatures measured at the edge where cracking 
initiated in the individual tests, were recorded in order to have 
an exact measurement of the temperature. However, as 
extensively discussed in [15] local temperature measurements 
were in fact highly dependent on the crack location (top, left, 
right, or bottom) and hence may not be very representative. 
This was especially true for the unshaded part of the glazing, 
where TCs were affected by convection due to the free heat 
flow along the glazing surface, while the local TCs behind the 
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frame can be expected to be more reliable. For this reason, 
global temperature values, rather than local, were used for 
deducing the influence of the shading width on the critical 
temperature difference at which cracking occur. Thus, Figure 6 
show the global temperature difference at the time of cracking 
plotted against the shading width.  

Through studying Figure 6, it is clearly visible how a wider 
shading width result in a higher temperature differenceat the 
time of cracking. Though, the tendency fades out for shading 
widths larger than 20 mm. It is reasonable to believe that the 
increase in temperature difference comes with the increase in 
width of the cool strip of glazing behind the frame. This 
suggestion is based on the fact that a wider cold strip of the 
glass can equilibrate more tension and thereby increase the 
crack load level for which a higher temperature difference is 
needed (according to eq. 1). However, it was unclear why the 
trend was mostly expressed in the range 15-20 mm. This 
hypothesis is consistent with the work of Pagni and Joshi [9], 
whom introduced a geometric factor, close to unity, to cover 
this aspect. 

 Another clear trend visible from studying Figure 6 was that 
a higher heating rate results in a higher critical temperature 
difference needed for cracking to occur. However, as explained 
in detail in [15], no significant variations in the temperature 
measurements between the three levels of heating rates were 
expected. Yet, the increase of temperature difference may be 
justified by the fact that the burner was placed closer to the 
specimen for higher heating rates, which affected the view 
factor between the burner and the tip of the TCs together with 
the glazing behind the aluminium patch that shielded the TCs. 
Therefore, the heat does not have to travel as far to reach the 
tip (see sketch on Figure 7), and the shielded area is reduced 
when moving the burner closer to the specimen – first 5.1 % 
and then additionally 6.7 %. Therefore, the authors suggest that 
the curves would be closer to each other in reality, which is 
supported by the fact that the three curves display 
approximately the same increase of critical temperature 
difference with shading width.  

 
Figure 6. Global temperature difference at the time of cracking 

compared to shading width 

 
 

 

Figure 7. Moving the burner closer to the specimen leads to a 

higher view factor to the TC tip, thus a higher temperature 

 
CONCLUSION 

 
 A series of experiments were conducted to investigate the 

influence of the shading width of a window frame on the 
breakage of window glazing exposed to high temperatures at 
different heating rates. Relevant shading widths were identified 
through state of practice as 10, 15, 20, and 25 mm, while state 
of the art indicated to use heat flux levels of 5, 10, and 15 
kW/m

2
.  

 The results of the experiments clearly indicated that the 
shading width influences both the time to crack initiation and 
the temperature difference between exposed and shaded 
glazing at cracking. For low heating rates (<5 kW/m

2
) an 

increase in shading width will result in a decrease in time to 
crack initiation. For heating rates above 10 kW/m

2
, this trend 

was not found and the shading width does not seem to have 
significant influence. The difference between the result of low 
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and higher heating rates is caused by the timeframe to reach the 
critical temperature difference. Thus, a longer time results in 
higher heat conduction to the back of the shading, which will 
postpone the time to reach the critical temperature difference. 

 In addition, the experiments made it clear that an increase 
in shading width will result in an increase in required critical 
temperature difference. However, this increase did not seem to 
follow a specific trend. It was argued that the increase is likely 
to be caused by the widened cool strip of glazing behind the 
shading, which was considered to equilibrate a higher tensional 
force. Nevertheless, the variations in temperature are relatively 
small. Thus, they will only have an influence on failure by 
cracking for pre- and not post-flashover fires where the heating 
rate will be of a significant magnitude.  
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ABSTRACT 
 

Fire protection of a building in case of the compartment 

fire consists of numerous measures including smoke control 

systems aimed to prevent high temperature fire smoke spread 

via ventilation systems and to manage pressurization of 

stairwells and elevators used as safe egress or firefighting 

routs in tall buildings. Since 1990s the most frequently used 

measure against smoke spread to the adjacent rooms via the 

ventilation system in Sweden is so-called “fan in operation 

method” which results in required smoke dampers reduction 

or even elimination. Pressurization of tall stairwells and 

elevators up to 100 m height is managed at the present time by 

pressure regulated fan with only one injection at the bottom 

and self-regulated valve at the top without compartmentation 

of space(s).  These two methods result in low constructional 

and operational costs as well as high reliability as they are 

based on detailed analytical evaluations. 

 

INTRODUCTION 

 

According to the building regulations/codes in different 

countries shutting down the ventilation system only or along 

with installing fire dampers in the event of fire are the 

common ways to prevent smoke spread to the adjacent rooms 

via the ventilation system. A lot of numerous studies as 

theoretical as well as laboratory and field tests with further 

validation of their results on this issue have been made. These 

studies lay as a basis for today common (since approximately 

20 years ago) measure known in Sweden as “Fan in operation” 

method, when smoke spread via the ventilation system can be 

prevented by running the ordinary fans in case of fire. Swedish 

Building Codes BBR stipulates that both fire dampers with 

shutting down fans and “fans in operation” method can be 

used. BBR recommends several characteristic parameters as 

fire growth rate, temperature and pressure in the fire room 

when “fans in operation” method is to be used.   

A method of managing pressurization of tall stairwells and 

elevators up to 100 m high along or in combination with 

different elevators with help of one fan with one injection into 

pressurized space have been used in Sweden since 

approximately 10 years ago and is based on numerous studies 

as theoretical as well as laboratory and field tests as well. 

Both methods require analytical examinations with help of 

the computer program PFS
1)

 written and developed by 

Professor Lars Jensen at the Building Services Department, 

Lund University which treats arbitrary flow systems. 

Both methods take into account building constructions, 

ventilation systems parameters and fan regulation types. 

This paper presents outline and summary of some major 
features regarding input, defining design parameters, possible 
solutions, analysis and results of each of these two methods. 
Conclusions and experiences are presented in the paper as well. 

 

“FAN IN OPERATION” METHOD OF DIMINISHING 

OR PREVENTING SMOKE SPREAD VIA 

VENTILATION SYSTEMS 

 
 Smoke spread is determined by the rate of heat released by 
the fire, the airtightness of the building or fire compartment and 
the layout of the ventilation system.  

The heat released by the fire results partly in a volumetric 
expansion which can be interpreted as a fire flow when leaving 
the room of fire origin via for example ventilation duct or 
leakage path. Thus, resulting pressure in the room is 
determined by the heat released by the fire and summa area of 
leakage paths.  

 The ventilation system can be described as half graphic 
duct network with length and dimensions of ventilation ducts 
along with resistance properties of wyes and junctions as 
general function and with the help of empirical equations. Fan 
curve of the ventilation plant is described with quadratic 
equation using three pair of flow vs pressure parameters. 

 Leakage paths also describes as quadratic function. 

Design Fire and Design Fire Flow 

 

It is important to define the most probable fire parameters 

affecting ventilation systems in case of fire conservatively. 

According to Swedish statistical data on fire behavior 

related to the spread of fire the most probable fire behavior is 

limited to the room of fire origin and the object in which the 

fire started. 
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Compartment fires are often discussed in terms of growth 

stages. All fires include the ignition stage, beyond that they 

may be affected by different parameters and activities before 

passing through growth stage, fully developed fire and decay 

stage. The most probable parameter affecting a compartment 

fire is a limited amount of oxygen, thus the fire becomes 

ventilation-controlled fire. Theoretical examinations and fire 

simulations have showed that the highest stress to ventilation 

systems causing spread of fire smoke occurs in an early stage 

of fire propagation – a growth stage. 

There are different ways in which fire progress can be 

described. One of these, the so called t
2
-fire, assumes that the 

growth phase of many fires heat released rate can be described 

as a function of the square of time. The idealized fire energy 

release rate is described by 

 

Q = α * 𝑡2     (kW) 

 

Where Q  -  is the HRR (kW), α - is the fire growth rate 

(kW/s
2
) and t - is the time (s). 

There are four types of fire growth: slow, medium, fast and 

ultrafast. For example, most of fires in dwellings are of fast 

fire growth type.    

A part of the heat released by the compartment fire warms 

the ambient air in the room and thus the room air volume V 

will increase by (Te/Tf – 1)V, where Te – warmed air (K), Tf – 

ambient air (K). 

This means that the volume of smoke is of the same 

magnitude as the room volume and is limited by it. If the 

temperature, measured in K, doubles over a period of one 

minute, the mean flow will be V/60. This volume due to 

temperature expansion while leaving the fire room through 

any opening creates a fire flow, qff: 

 

qff = (Te/Tf – 1)V / t    (m
3
/s). 

 

This flow is much larger than ordinary ventilation flow in 

the room. For a room of 30 m
3
 with 10 l/s air flow, the 

estimates fire flow is 500 l/s. 

The result equations showing good agreement with peak 

fire flow and fire flow temperature predicted by numerous 

simulations of t
2
 -fires yield: 

 

qff = 0.28V
0.53

α
0.425

          (m
3
/s) 

 

Tff = 409.33 α
 0.0695

 A
0.054

h
-0.00736    

(K) 
 

 
Where V is space volume, m

3
; A is space area, m

2
; h is 

space height, m. 

 

Design Airtightness (leakage), design windows breakage 

temperature and design fire pressure limit for intact 

construction 

 

Airtightness of building envelope according to Swedish 

Building Codes is 0.2 – 0.3 l/s,m
2
 applied to the building 

envelope. There is no data for leakage in older buildings as 

well as for internal constructions leakage.  

According to different experimental and theoretical studies 

the temperature difference of 58-100 °C in the glass itself can 

cause glass cracking. The corresponding temperatures in the 

fire room is 200-400 °C. After glass breakage, the window 

acts as a vent and fire flow escapes to the outside, thus, 

eliminating stress affecting the ventilation system. 

Constructions assumes be intact at pressure in the fire room up 

to approximately 1500 Pa. 

Temperature of 350 °C and pressure of 1500 Pa are 

accepted as design parameters in the fire room. These two 

design parameters define boundary conditions for 

constructions intact and thus the worst case for possibility of 

fire smoke spread via the ventilation system. 

 

Ventilation systems 

 

Risk for smoke spread via mechanical ventilation systems 

depends mainly on the type of the ventilation system. The 

highest risk of smoke spread to the adjacent room(s) via ducts 

can be expected in supply-exhaust ventilation systems supply 

duct network.  The highest risk of smoke spread to the 

adjacent room(s) via ducts can be expected in the room(s) 

located far away from the supply fan. 

Analysis of smoke spread via the ventilation system 

includes: 

 Defining fan curve with three pair flow-pressure 

parameters,  

 Defining type of control- pressure or flow fan 

control, 

 Defining outdoor leakage,  

 “translating” of ventilation systems layout to PFS-

model with help of ducts dimension and length, 

 Running and adjusting an ordinary ventilation system 

PFS-model to get correct pressure loss over supply 

and exhaust dampers, 

 Running the adjusted ventilation system in case of 

fire (design fire flow at design temperature). 

Resulting parameters 

Resulting parameters of analytic evaluations are:  

 flow directions and thus if smoke spread occurs,  

 amount of smoke spread to another fire compartment,  

 exhaust fan flow temperature, 

 temperature, pressure loss and flux in every part of 

the system, 

 flux through leakage paths, 
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 temperature(s) and pressure in each of compartments 

including fire compartment. 

If result of analysis shows that smoke spread occurs evaluation 
extends to finding out different reliable measures against it 
such as converted ventilation system, complementary fire 
dampers, air stream self-operating supply dampers, gear up 
fan(s) rotational speed, etc. 

Resulting pressure in different compartments compares then 
with 80 Pa limit pressure for door opening. 

Furthermore, one can evaluate toxicity of assessed smoke 

spread. Accepted amount of smoke spread to room with 

sleeping people and to safe egress routes is 1% of the 

receiving room(s) volume 
2)

. Accepted amount of smoke 

spread to all other types of rooms is 5% of the receiving 

room(s) volume 
2)

. 

Example of schematic supply-exhaust ventilation system 

PFS- model serving four rooms with fire flow of 139 l/s and 

fire temperature of 350 °C is presented below. 

 

 
 

 

CONCLUSIONS 

 

Reliability of “Fan in operation” method preventing spread 

of smoke via the ventilation system, low cost and accuracy of 

analytic evaluations have resulted in use of this method as the 

most frequently used and common method in Sweden. 

 

PRESSURIZATION OF TALL STAIRWELLS-

ELEVATOR(S)SYSTEMS 

 

Pressurization of tall stairwell(s) according to NFPA is 
managed with one injection dividing a tall stairwell into several 
30 m high sections or with two injections dividing a tall 
stairwell into several 60 m high sections. 

Pressure in a pressurized stairwell is limited by minimum 
pressure of 20 Pa to prevent smoke penetration into the 
stairwell and maximum pressure of 80 Pa for door opening. 
Considering thermal pressure gradient at winter (-23 °C) of 2 
Pa/m maximum stairwell height is (80-20)/2 = 30m. 

The Swedish method of stairwell pressurization is based on 
creating a flux throughout stairwell with pressure loss 
approximately equal to thermal pressure gradient. 

Thus, the Swedish method allows pressurizing a tall 
stairwell of approximately 100 m high with one injection in the 
bottom and pressure control damper at the top without any 
further compartmentation. 

More complex safe egress system consisting of stairwell(s), 
lobby and several elevators including safe egress and fire 
fighters’ elevators can be provided with the same type of 
pressurization system. In this case stairwell, sometimes alone 
and sometimes with some elevators, would be pressurized with 
outdoor air by pressure regulated fan at the bottom with control 
dampers at the top, while rest of elevators would act as shafts 
for the air to leave through vents at the top. 

Required analysis considers combination of different 
outdoor-indoor temperatures and different door(s) opening with 
at different floors.  

A computer program PFS 
1
 is used for the purpose of 

evaluating pressurization of tall stairwells.  

Analysis of pressurization of tall stairwells comprises: 

 Defining different combination of opened and 
closed doors of all types as well as vents in the top 
as leakage paths with pressure drop as a function 
of the square of flow, 

 Defining outdoor leakage,  

 “translating” stairwell-elevator(s) system layout to 
PFS-model with help of their dimensions, 

 Running the PFS-model system at different 
outdoor temperatures and  

 Analysing the result flows, flow directions, 
effective vent area, etc.  

Results of analysis ensure that pressurization outdoor flux 
passes through the whole stairwell-elevator(s) system height 
with overpressure towards floors not exceeding pressure of 80 
Pa. Minimum and maximum pressurization fan flows required 
for different outdoor temperatures and area of vent(s) are the 
result parameters of the analysis, 

An example of stairwell and fire fighters/safe egress 
elevator pressurization is presented below 

3)
. 

Where 

1 6 0 , 6 1 6 0 , 6 2 0 0 , 6 s , - 2 0 0 T n

1 6 0 , 3 1 6 0 , 3 1 6 0 , 3 1 6 0 , 3 2 0 0 , 6 T F : h q <

t , 5 5 . 6 , 5 0 t , 5 0 . 2 , 5 0 t , 6 3 . 3 , 5 0 t , 6 3 . 8 , 5 0

T , 3 5 0 : >

h ? 1 3 9 h ? 0 h ? 0 h ? 0

T p l e a k T p l e a k T p l e a k T p l e a k

t , 3 8 . 1 , 5 0 t , 5 5 . 0 , 5 0 t , 6 9 . 5 , 5 0 t , 9 5 . 1 , 5 0

1 6 0 , 3 1 6 0 , 3 1 6 0 , 3 1 6 0 , 3

s , 2 0 0

1 6 0 , 6 1 6 0 , 6 2 0 0 , 6 2 0 0 , 6 F F : h q >
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TL1:1 – Alternative A – current lice opened vent with 
constant flow damper KF1:1 

              Alternative B – pressure release ST22:1 with 
constant flow damper KF1:1 

TL1:2 – Alternative A – current lice opened vent with 
constant flow damper KF1:2 

              Alternative B – pressure release ST22:2 with 
constant flow damper KF1:2 

TL1:1 – Alternative A – current lice opened vent  

              Alternative B – pressure release ST22:2  

TF1 – pressurization fan 

ST21 – outdoor damper  

Translation: 

Trapphus – stairwell, Hisshall/sluss – lobby, Hisschakt 
räddnings-/utrymningshiss – Elevator shaft fire firefighters/safe 
egress elevator, Trapphusdörr – stairwell door, hissdörr – 
elevator door, Läckflöde – leakage, manöveromkopplare – fan 
gear. 

 

CONCLUSIONS 

 

Reliability of the Swedish tall stairwell/elevator(s) 

pressurization is based on detailed analyzed flow-pressure 

conditions in safe egress routs at different outdoor 

temperatures. The method results in low construction costs 

and better safe egress conditions for tenants due to venting 

possible smoke coming into the stairwell by created flux 

throughout the stairwell. There are a number of high-rise 

houses built over the past ten years in Sweden using this type 

of stairwell pressurization system.  

58

BOOK OF PROCEEDINGS Nordic Fire & Safety Days



 

REFERENCES 

 
[1] “PFS++ Reference Manual 2015”, Jensen, L., Report TVIT—15/7100, 

Lund University, Lund Institute of Technology, Department for Building 
and Environmental Technology, Sweden, 2015. 

[2] BBRAD3 BFS 2013:12, Boverket (2013). 

[3] ”Brandskydd, Styrning och övervakning i ventilationssystem och 
brandgaskontrolsystem”, Tomas Fagergren, Gunnar Bergman, 
Brandskyddslaget, 2012 

 

59

BOOK OF PROCEEDINGS Nordic Fire & Safety Days



Analysis of fire loads in residential buildings 
Fire load survey in apartments in Serbia 

 

Igor Džolev 

University of Novi Sad, Faculty of Technical Sciences 

Department of Civil Engineering and Geodesy 

Novi Sad, Serbia 

idzolev@uns.ac.rs 

Mirjana Laban 

University of Novi Sad, Faculty of Technical Sciences 

Department of Civil Engineering and Geodesy 

Novi Sad, Serbia 

mlaban@uns.ac.rs 

 

 
Keywords:  residential fires, fire load survey 

ABSTRACT 
 
The changing dynamics of residential fires is a result of 

changes in a dwelling size, geometry, spatial organization, 
contents and building materials over the past 50 years, as well 
as the added complexity to the fire behaviour. While the 
physics of fire development has not changed over time, the fire 
environment, or more specifically, the single family home has 
evolved. Socio-political and economic tendencies have 
influenced architectural and urban building environment. The 
overview of different national codes for defining the fire load 
in residential buildings has shown a great discrepancy and 
deviation in the proposed fire load density. The uncertainties 
and changes in the way of living result in the need to 
continually update fire load data through new fire load surveys. 
In a survey carried out in this study, a sample of 120 typical 
family dwellings was selected, located in residential buildings 
and houses in Novi Sad in Serbia. The fire load density was 
determined by the combination method (weighing and 
inventory) and was compared to other research results. Based 
on the results of the study, the fire load density in residential 
building apartments in Serbia has doubled in the past 30 years, 
leading to a higher fire risk associated to residential housing. 

 

INTRODUCTION 

 
Calculation of fire loads and densities provide an input on 

how severe a fire can get if it occurs and what measures should 
be adopted to arrest it, so as to have minimum damage. [1] Fire 
load density can be determined based on prescribed values 
provided in various standards. However, proposed values differ 
depending on the standard in use, resulting in a large 
discrepancy and deviation for the fire load values. There has 
been a steady change in the residential fire environment over 
the past decades. The changes that are affecting the fire safety 
of buildings are mostly influenced by the fire compartment 
size, geometry, contents and construction materials used. [2]. A 
typical single family home has evolved during the years. Socio-
political influence in Serbia during the 20

th
 century has had a 

great impact on the design of apartments, specifically through 
spatial organization, furnishing and equipment. [3] The period 
until 1945 was characterized by large apartments consisting of 
two zones (residential and service) and transit rooms forming a 

circular connection. In the socialism, until 1991, a corridor 
apartment was introduced, forming the living space around the 
hall, from which the access to each room is provided. In the 
post-socialism era, most of the apartments were organized with 
a central living room, evolving in recent years into a more open 
space design concept. The open floor plans and, in general, 
construction of taller ceilings, tend to remove 
compartmentation and add volume, which can contribute to 
rapid smoke and fire spread. The use of new materials in 
interior design, such as plastics and textiles, which are more 
flammable synthetic materials, and the increased quantity of 
combustible materials, also contribute to an increased fire load 
density. Another change is the continual introduction of new 
construction materials. Contemporary energy efficiency 
measures in construction building sector and the unregulated 
use of combustible thermal insulation materials in building 
facades have imposed an increased risk in external fire spread. 
The use of modern building technology with low-energy 
windows and step-noise insulated floors, leads to more severe 
design fires. [4] Finally, relatively low standard of living and 
high unemployment rate, have prevented the early 
independence of younger generations, often resulting in several 
generations of families living in the same dwelling, which 
naturally increases the amount of furniture and other 
combustibles. As the building environment is constantly 
changing, the standards addressing the fire load in residential 
buildings should also be updated. 

 

FIRE LAOD CALCULATION 
 
According to Serbian standard [5], total fire load in 

apartment Z [MJ] is expressed as multiplication product of fire 
load density Pi [MJ/m

2
] and building floor area S [m

2
]. In order 

to enable extrapolation to different sized compartments, heat 
content is measured per observed unit floor area, expressed as 
fire load density. 

𝑃𝑖 =
∑ 𝛾𝑖 ∙ 𝑉𝑖 ∙ 𝐻𝑖
𝑁
𝑖=1

S
 

 𝛾𝑖 = specific density of material, kg/m
3
 

 𝑉𝑖 = volume of combustible substances, m
3
 

 𝐻𝑖  = net calorific value of the material, MJ/kg 

 𝑆 = floor area of the fire compartment, m
2
 

60

BOOK OF PROCEEDINGS Nordic Fire & Safety Days



Values of fire load for residential occupancies vary 
depending on the standard applied. The fire design verification 
method of the New Zealand Code assumes design value of 
400 MJ/m

2
, while Eurocode standards prescribe a much higher 

average of 780 MJ/m
2
, for fire load in dwellings. [6] 

Fire load can be divided into two categories: movable 
(furniture, equipment, goods, etc.) and fixed fire load (walls 
cladding, ceilings, floors, doors, windows, shelves etc.), which 
are to a large extent bio-based products. 

In the French survey process a further distinction is made 
between objects with a simple geometrical shape (e.g. desk, 
cupboard) and those where characteristic dimensions are hard 
to estimate (e.g. chair) [7]. Also, types of furnishings, interior 
finish, and occupancy trends are changing considerably over 
the last decades, so new fire load surveys for different type of 
occupancies are being conducted in various countries, using 
modern surveying techniques. In a study by [8], the magnitude 
of room fire loads and live loads was reported to be related to 
the use of the room. 

According to EN methodology [9], fire load can be 
determined based on deterministic and statistical methods. 
Selection of appropriate method relies on the purpose of 
collected data, i.e. its justification on the field and its reliability. 

Based on the deterministic approach, fire load density can 
be estimated by summing all fire loads present in the building. 
The characteristic fire load density is defined by the equation: 

𝑞𝑓 =
1

𝐴𝑓
∑(𝜓𝑖𝑚𝑖𝐻𝑢𝑖𝑀𝑖)

𝑖

 

 𝑀𝑖 = mass of the material, kg 

 𝐻𝑢𝑖  = net calorific value, MJ/kg 

 𝑚𝑖 = factor describing the combustion behaviour 

 𝜓𝑖  = factor assessing protected fire load 

 𝐴𝑓 = floor area of the fire compartment, m
2
 

The survey techniques, used to determine fire load, include: 
weighing, inventory, combination on weighing and inventory, 
questionnaire and website review method. [10,11] The 
combination of direct weighing and inventory method makes it 
possible to directly measure those items which are present in 
the fire load measuring area and at the same time could easily 
be weighed, while fire load of large items or items embedded 
in the interior, are determined with inventory method, based on 
their thickness and area. This method combines best practices 
from both methods and hence minimizes the degree of 
uncertainty and error. A fire load survey in residential 
buildings, carried out by inventory technique in India [10] 
reported mean fire load values from 278 MJ/m

2
 to 852 MJ/m

2
. 

Also, as the room floor area increased, it was noticeable that 
the mean and maximum fire load decreased. 

The questionnaire method is based on direct measurement 
made by the participants. Questionnaires include questions 
related to basic information about the typical furniture located 
in the premises, type of flooring, materials of the interior 
elements, floor area and other data that would enable an 
indicative calculation of fire load based on average fire load for 

the specific types of interior design. The practical application 
of this method is in buildings where it is not possible to provide 
direct access to the practitioner. As the data collected in this 
way are usually qualitative, this information cannot be easily 
verified. 

The fire load can also be defined as a statistical distribution. 
In practice, the fire load will vary with the occupancy, location 
in the building and with time, and can be determined as a 
statistical distribution with a mean value and a standard 
deviation. This statistical approach is only valid for building 
types where similar amounts of fire load can be expected. 
These include specific types of buildings, such as offices and 
schools, but are less reliable for certain types of buildings, such 
as residential ones. Based on a Gumbel type I distribution, the 
extracted values for mean fire load density for dwellings are 
reported as 780 MJ/m

2
, (948 MJ/m

2
 for 80% fractile), with a 

standard deviation of 234 MJ/m
2
. [9] The statistical 

investigations made on fire load density in residential homes in 
Sweden in the 1970’s [12], reported that 80% of three-room 
apartments have a fire load less than 148 MJ/m

2
 of enclosing 

surface, or, converted to a floor area by a factor of 3.95 [13], a 
fire load density of 585 MJ/m

2
. In a separate study on 15 

apartments of an arbitrary size in Denmark [13], the reported 
average fire load value per unit floor area was 367 MJ/m

2
 with 

a standard deviation of 218 MJ/m
2
. 

In a survey conducted in Canada in 2004 [14], a website 
review method was applied. Information was obtained through 
a real-estate website which offered the layout, size and 
photographs of main rooms. Fire loads were estimated based 
on the calorific value of items sufficiently similar to the fuel 
package. The quality of information depends on the quality of 
photographs, taken for the purpose of the agencies, often 
presenting tidy and ideal settings, which do not represent real 
situation. The advantage of this method is that it does not 
require physical presence of the surveyor, but the assumptions 
and estimates made based on the photographs may result in 
some degree of error. 

 

CASE STUDY IN SERBIA 
 
In a survey carried out in this study, the combination 

method (weighing and inventory) was chosen for calculation of 
fire load. A sample of 120 typical three-room family 
apartments, located in residential buildings and houses in Novi 
Sad, Serbia, was selected and surveyed, covering a total area of 
approximately 8700 m

2
. An example of an arbitrary family 

apartment layout is presented in Fig. 1. 

The following assumptions were made to simplify the data 
collection: 

 all combustible material would be involved in fire 

 all combustible material in the fire compartment 

would be completely burnt out during fire 

 the fire load contributed by doors and windows 

between rooms was considered as fire load of 

belonging rooms. 

 

61

BOOK OF PROCEEDINGS Nordic Fire & Safety Days



 

 1 - entrance hall - 12.83 m
2
 

 2 - bathroom - 5.08 m
2
 

 3 - kitchen - 5.60 m
2
 

 4 - living room - 12.22 m
2
 

 5 - bedroom - 10.60 m
2
 

Figure 1. Example of a three-room apartment layout 
 

The aim of the survey was to identify the fire risks in 
building apartments of similar type. Both fixed and movable 
fire loads were considered. In order to calculate the fire loads, 
rooms in the apartments were categorized on the basis of their 
usage. Living rooms, bedrooms and kitchens were considered, 
as premises in which fires were most likely to start. 

The first step in the survey was to classify the combustibles 
into fixed and movable fire loads. The movable loads were 
determined based on direct weighing of each item in the 
compartment. For items consisting of different materials, an 
estimation of the percentage share of each material, e.g. wood, 
metal, glass and plastic parts, was made. The volume of paper 
and clothes stored in wardrobes and shelves was determined 
assuming they were 100% full. The present materials in the 
rooms were classified as: wood, steel, glass, plastics, cotton 
and paper. 

Items that are classified as fixed fire load and could not be 
easily weighted were assessed based on the inventory method. 
Their dimensions were measured and the mass was calculated 
by multiplying the obtained volume and the specific density of 
material. 

The total energy value of the combustibles was calculated 
by multiplying the mass of each material with the 
corresponding calorific value found in [15-20]. Fire load is 
calculated for each room in the apartment (Fig. 2). Finally, the 
fire load density was derived by dividing the total fire load in 
the apartment by its total floor area. 

 

 

Figure 2. Fire load density for each room in the arbitrary 
apartment in MJ/m2 of floor area 

 

RESULTS AND DISCUSSION 

 
A mean value and standard deviation of fire load densities 

obtained in this study, as well as the statistical distributions 
presented in different studies are shown in Table 1. 

The values of fire loads were found to be varying 
depending on the room usage, floor area and the type and 
quantity of material stored. The average fire load density (floor 
area) was 702 MJ/m

2
, with a standard deviation of 59 MJ/m

2
. 

The obtained fire load densities ranged from 617 MJ/m
2
 to 

768 MJ/m
2
. Very high and very low fire loads were found to be 

less prevalent. 
 
Table 1. Mean value and standard deviation of fire load density 

[MJ/m2] 
Whole 

apartment 
Living 
room 

Bedroom Kitchen 

Case study 

Mean value 702 772 930 1020 

Standard 
deviation 

59 135 205 225 

Kadić and Sekulović [15], Serbia, 1985 

Mean value 335 - - - 

Holm and Oksanen [21], Finland, 1966 

Mean value 391 - - - 

Vassart [9], 1991 

Mean value 780 - - - 

Standard 
deviation 

234 - - - 

Cambell [22], USA, 1970 

Mean value 320 350 390 290 

Bwalya [14,23], Canada, 2004 

Mean value 445 412 534 801 

Standard 
deviation 

- 127 135 123 

 

Kitchens with dining rooms (fire load density of 
1020 MJ/m

2
) had significantly higher fire load densities than 
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other rooms due to relatively small floor areas and heavy 
wooden cabinets equipped with combustible materials (oil, 
flower, sugar, etc.). The lowest mean fire load value of 
772 MJ/m

2
 was calculated for living rooms, mostly due to 

relatively large floor areas with minimal furnished spaces. 
Within all apartments a major share of combustible materials 
were wood and bio-based materials. The most of the living 
rooms had laminate or hardwood flooring. Bedrooms were 
mostly equipped with additional carpeting, while kitchen floors 
were covered with vinyl flooring or ceramics. 

According to this study, the fire load density in residential 
buildings in Serbia has increased about 110% in the last 30 
years. Compared to the study performed in 1970 [21], the 
calculated fire load density is about 80% higher. This might be 
attributed to the increased quantity of combustible materials 
present in the buildings and the increased use of more 
flammable synthetic materials such as plastics and textiles. 
Differences might also occur due to different approaches when 
collecting data for the estimation of fire load. For bedrooms 
and kitchens, similar differences from analysed case studies are 
present. Obtained results are similar to values presented in 
Eurocode 1, part 1-2, which are based on 33-46 year old fire 
load density studies. Fire load density values obtained in the 
studies performed in USA in the 1970’s [22] and Canada in 
2004 [14,23] are comparable to results from Serbia from 1985 
[15] and Finland [21]. 

 

CONCLUSIONS 
 
The evolution of a typical family dwelling, in terms of size, 

geometry, contents and construction materials used, has 
influenced the available quantity of fire load, and indirectly, the 
dynamics of residential fires. Also, the use of materials with 
unknown composition and uncertain flammability behaviour, 
has contributed to the rapid onset of untenable conditions and 
shortening of escape time. These changes impose the need to 
continually update fire load data through new fire load surveys. 

Differences in recommended fire load values, noticeable in 
various standards and textbooks, lead to the uncertainty when 
calculating fire performance. This results in an implementation 
of a more comprehensive direct approach in determining the 
fire load values in order to predict the fire behaviour more 
accurately. 

The study has requested direct access to the dwellings by 
experts. This approach enabled better insight into the research 
in this field and collecting data on real fire load for the 
respective apartment zones. 

From the survey on 120 three-room family apartments in 
Novi Sad, Serbia, it can be concluded that the fire load density 
has increased by a factor of 2, comparing to the period 30 years 
ago, leading to a higher fire risk associated to residential 
housing. 

Recognizing disadvantages of individual methods for 
determining the fire load, combination of direct weighing and 
inventory method was applied within conducted research, as 
this approach mostly reduced measurement errors that appear 
when applying individual methods. Application of 
methodology, presented in the study, on a larger sample of 

family apartments of various sizes, would lead to more distinct 
results that could be adopted as an average and updated value 
of fire load that occurs in residential buildings in Serbia. Also, 
data collected using combination method could serve as a basis 
for the creation of a correction coefficients, that could be 
applied to the results of the questionnaire survey method in 
order to obtain more realistic fire load values. This would 
provide much greater potential in terms of collection speed and 
data processing, without the need of physical entry into the 
buildings. 
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Heat flux in jet fires  
Unified method for measuring the heat flux levels of jet fires 

 

 
Keywords:  jet fire, heat flux, standardisation, testing 

ABSTRACT  
 
 Passive fire protection materials are used to protect critical 
structures against the heat from fires. In process plants with 
pressurized combustible substances there may be a risk of jet 
fires. Through risk analysis the severity of these jet fires is 
determined and these result in fire resistance requirements with 
different heat flux levels for different segments. The relevant 
test standard for fire resistance against jet fires does not include 
any measurements or definitions of the heat flux in the test 
flame which the tested object is exposed to. This paper presents 
methods for reaching different heat flux levels and how to 
measure them in a jet fire with limited deviations from the 
established jet fire test standard. 
 
INTRODUCTION 
 
 Jet fires are ignited leakages of pressurized liquid or 
gaseous fuel. In jet fire testing for the offshore industry, heat 
flux is the defining factor for the accidental loads. NORSOK 
S001 [1] defines two different heat flux levels of 250 kW/m

2
 

and 350 kW/m
2
 depending on the leak rate of hydrocarbons. 

These heat flux levels are used in risk analysis and define what 
type of fire load bearing structures and critical equipment need 
to be able to resist in a given area. Examples of such ratings 
can be “250 kW/m

2
 jet fire for 60 minutes”, “350 kW/m

2
 jet 

fire for 15 minutes” or any other combination based on 
calculations in the risk assessment. Combined with critical 
temperatures in the tested object this defines the performance 
criteria for the passive fire protection. Each configuration of 
the passive fire protection needs to be tested and verified. 
Manufacturers of passive fire protection request fire tests to 
document their performance against jet fires with these various 
heat flux levels. The relevant test standard for determining the 
resistance to jet fires of passive fire protection materials is the 
ISO 22899-1 [2]. This test standard has been developed as a 
laboratory-scale fire resistance test that aims to simulate some 
of the thermal and mechanical loads that has been observed in 
larger scale jet fires. The test standard describes a propane jet 
with 0.3 kg/s into a re-circulation chamber as shown in Figure 
A. However, this test standard does not define any heat flux 
level or any method to define or measure it.  

RISE Fire Research has developed a method for defining 
and measuring the heat flux levels in jet fires. This method can 
be used when faced with the challenge of testing passive fire 

protection against specific levels of heat flux. The method 
includes a custom test rig that allows jet fire testing with 
different heat flux levels, including those specified by 
NORSOK S001. A large number of tests have been performed 
at the test facility of RISE Fire Research in Trondheim, 
Norway.  

In this paper, the method will be presented. Assessments 
and choices made in the development of the method will be 
emphasized, to encourage discussion amongst stakeholders in 
the industry. The goal is to establish a unified measurement 
and calculation method. 

 
EXPERIMENTAL SET-UP 
 
 The proposed test setup and procedure to reach the specific 
heat flux levels are in many ways equal to the ISO 22899-1 
standard for jet fire resistance testing [2]. Propane is used as 
fuel with a rate of 0.30 kg/s. The fuel is released towards the 
test specimen from a nozzle with the same dimensions and 
nozzle position relative to the test specimen as described in 
ISO 22899-1. 

 The main difference compared to the existing standard is 
the design of the flame re-circulation chamber. To reach high 
temperatures, the chamber is enlarged. Increased size of the re-
circulation chamber increases the compartmentation of the jet 
flame, and thereby increases the temperature inside the 
chamber, compared to the ISO 22899-1 standard chamber 
design. The wall surfaces of the re-circulation chamber reflect 
and re-emit radiation in the compartment. This effect can be 
compared to the thermal exchange with an open larger flame 
that extends further than the dimensions inside the 
compartment.  The same effect is used in the rear wall of the 
standard jet fire setup according to ISO 22899-1, where the 
warm steel plate behind the test specimen is simulating the 
radiation from a long flame from a larger gas jet release that 
extends far beyond the impinged object. This is an effect that 
can be used to simulate larger fires using smaller propane 
release rates. 

 The internal dimensions of the standard re-circulation 
chamber are 1.5 m ∙ 1.5 m ∙ 0.5 m. Typical internal dimensions 
of the modified re-circulation chamber are 2.6 m ∙ 3.0 m ∙ 3.0 
m. The test specimen can either replace the rear wall (e.g. panel 
specimen) or be placed inside the re-circulation chamber (e.g. 
tubular section specimen). The ISO 22899-1 re-circulation 
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chamber and the enlarged chamber for high temperatures are 
illustrated in Figure A and Figure B.  

 

Figure A. Design of the re-circulation chamber according to ISO 

22899-1 [2] 

 

Figure B. Enlarged re-circulation chamber for high temperature jet 

fire testing. The bricks supporting the nozzle inlet are the same 

dimensions as in Figure A, enabling scale comparison  

 Another modification compared to the standardized test 
setup is the addition of temperature measurements in the flame. 
These temperatures are measured with 1.5 mm encapsulated K-
type or R-type thermocouples, positioned within an 8 mm tube, 
which is sealed at the end. Other thermocouple geometries 
have also been used, but the tube geometry has been found to 
be most suited, as will be discussed below.  

 The thermocouples are placed within the re-circulation 
chamber. Normally 6 flame temperatures are measured, in the 

lower, middle and upper part of the chamber. Thermocouples 
should be positioned mid-flame (i.e. away from the chamber 
wall and test specimen), in the lower, middle and upper part of 
the chamber. 
 
RESULTS AND DISCUSSION 
 
 Choice of measurement system: Heat flux is defined as the 
flow of heat through a surface. The heat flux from a fire to an 
engulfed surface of an object depends on both the engulfing 
flame and the properties of the surface. The properties of the 
surface may change during the exposure to the flame as it heats 
up and changes its surface properties. At some point the object 
inside the flame will reach a thermal equilibrium with the 
flame where the net flow of energy into the object is balanced 
by the energy emitted from the object. The heat flux for an 
object can be calculated as incident heat flux, emitted heat flux 
or net heat flux. A definition of heat flux needs to include 
parameters of the receiving object. These variations give a lot 
of degrees of freedom when calculating heat flux in a fire.  

 Heat flux can be measured directly, using a heat flux meter. 
For jet fire tests, however, this has been found not to be 
feasible. Special water cooled gardon gauge heat flux sensors 
are designed to measure heat flux to a cooled surface, but these 
have proved to be very unreliable when placed inside a high 
temperature jet fire test. In a test series of five tests, four 
different gardon gauge heat flux sensors were placed inside the 
re-circulation chamber of the high temperature jet fire test 
setup. The heat flux sensors were calibrated against an 
electrically heated furnace before and after each of the tests. 
The sensitivity of the sensors was measured to be able to 
account for changes during the test period. The calibration 
results showed that the sensitivities of the sensors in mV / 
W/m

2
 changed between -97% and +90% during the tests 

making the use of the measurement data very unreliable.  

 This indicates that the gauges have been influenced or 
damaged permanently by the environment inside the flame. 
Formation of soot during the tests on the cold surfaces of the 
gauges can be one of the reasons for the changed properties. 
Similar challenges are also reported in [10] where a method of 
purging the surface of the heat flux sensors with nitrogen was 
used to reduce the problem with soot deposits on the heat flux 
sensors.  

 A more robust and easily defined method is to measure the 
equilibrium temperature inside an object placed inside the 
flame. This is the principle used in plate thermocouples 
(Figure C-right) used in fire resistance furnace testing [3]. In 
our experience, these plate thermocouples are often heavily 
damaged during high temperature jet fire tests. This raises 
questions on how long into the tests such measurements are 
reliable. Other types of objects have been tested, such as a cube 
thermocouple, consisting of a 40 mm sides steel cube, with a 
thermocouple inside (Figure C-center). The advantage of such 
a cube is that it has a higher heat capacity and gives less 
fluctuating measurements. It also has a longer heating time and 
can be used to quantify the net thermal energy that is absorbed 
by an initially cold object during the first few minutes of the 
fire. Another type is a small 8 mm steel tube, which has been 
sealed in the end and has a thermocouple inside (Figure C-
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left). Compared to the cube thermocouple, this gives a quicker 
thermal response.  

 

 

Figure C. Thermocouple systems used in jet fire tests. Tube 

thermocouple (left), cube thermocouple (center) and plate 

thermocouple (right) 

 One representative high temperature jet fire test has been 
selected to visualize the difference between the use of tube and 
cube thermocouples (plate thermocouples are not displayed due 
to malfunction in such tests), see Figure D. In this test, a total 
of eight tube thermocouples (K and R types) and two cube 
thermocouples were placed in an enlarged re-circulation 
chamber to measure the flame temperature. Tube 
thermocouples were placed in the lower, middle and upper part 
of the chamber on both sides of the jet fire center point. The 
cube thermocouples were placed in the upper part of the 
chamber, near the two topmost tube thermocouples. As seen in 
Figure D, a faster initial response is observed for the tube 
thermocouples compared to the cube types. Starting from about 
13 minutes until the end of the test, the two types of 
thermocouples measures similar average temperatures.  

 

Figure D. Flame temperatures measured using tube and cube 

thermocouples (TC) in one high temperature jet fire test. Solid lines 

indicate measurement by tube thermocouples, dashed lines indicate 

use of cube thermocouples  

 For the proposed unified heat flux measurement method 
presented in this paper, the tube thermocouple is considered as 
the most convenient and reliable for measuring flame 
temperatures. 

 Comparing the tube to the cube thermocouple, the tube 
heats up faster to stabilize at high temperatures. The relative 
slow heating of the cube thermocouple could be useful for 
some purposes, when studying the transient heating of a cold 
object with a certain heat capacity during the first few minutes 
in a fire. The derivative of the temperature over time and the 
heat capacity of the steel cube can be used to calculate the net 

heat absorbed by the cube. Another difference between the tube 
and the cube is that the cube has a larger surface area and 
should be more dominated by the radiation temperature than 
the smaller tube thermocouple. The smaller tube thermocouple 
should be more dominated by the gas temperature in the flame. 
The main purpose of using cube thermocouples has therefore 
been merely to verify that the temperature level measured by 
the tube thermocouples also is dominated by the radiation in 
the furnace.     

 Comparing the tube thermocouple to the plate 
thermocouple, the benefit of the plate thermocouples is that 
they are directional, while the tube is omnidirectional. 
However, as previously mentioned, standard plate 
thermocouples are not sufficiently robust, while tube 
thermocouples are sufficiently robust to survive a high 
temperature jet fire test. The optimal thermocouple system for 
high temperature jet fires might therefore be a cross between 
the two: a more robust, but at the same time directional 
thermocouple.  

 Choice of calculation method: The measured flame 
temperatures can be used to estimate the heat flux. By flame 
temperatures we mean temperatures measured inside a small 
object engulfed in the flames. This object will receive and emit 
heat to and from its surroundings by convection and radiation. 
The measured temperature will be a mix of the gas temperature 
around the surfaces of the object and the radiation temperature 
that the object exchanges with the surroundings. This 
temperature can also be called adiabatic surface temperature or 
equilibrium temperature. [4]  

 The suggested method for heat flux calculation is to follow 
the Stefan-Boltzmann relation of temperature and heat flux, see 
eq (1). 

   �̇�” = σ ε 𝑇𝑓𝑙𝑎𝑚𝑒
4     (1) 

 

Where �̇�” is the heat flux (kW/m
2
), σ is the Stefan Boltzmann 

constant (5.67∙10
-11 

kW/m
2
K

4
), ε is the emissivity of the 

thermocouple surface (between 0-1) and Tflame is the flame 
temperature (K).  

 For a black body radiation (ε = 1) this gives 350 kW/m
2
 for 

1303 °C and 250 kW/m
2
 for 1176 °C. Lower emissivity could 

be chosen, which would require higher temperatures to obtain 
the same flux levels. For practical purposes in a jet fire, 
however, steel surfaces located within the re-circulation 
chamber are oxidized quickly, giving an assumed emissivity 
near 1. 

 If an average heat flux level for the entire duration of a test 
is needed, this should be calculated starting from t = 5 minutes 
until test end. The heat flux given in eq. (1) assumes that the 
difference between gas and surface temperature is negligible, 
that is, convection is not considered. The assumption is most 
valid after the initial heating period of the specimen and re-
circulation chamber. This assumption gives a more 
conservative test, in terms of the temperature exposure to the 
test specimen. 
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 Choice of re-circulation chamber design: To reach 
temperatures up to 1303 °C, which by the calculation in eq (1) 
corresponds to the 350 kW/m

2
 heat flux level, adjustment of 

the standard re-circulation chamber design is proposed. Flame 
temperature measurements from 20 standard jet fire tests 
according to ISO 22899-1 (picture in Figure A) and from 55 
jet fire tests using the modified test setup (picture in Figure B) 
have been collected during the period 2012-2016. Figure E 
presents the statistical distribution of all the temperature 
measurements for the two different test setup configurations. 
All the measured temperatures are grouped in 5 °C intervals 
and the relative frequency of each of the intervals is calculated. 
For clarity, the figures E and F are plotted as continuous 
distribution instead of discrete histograms. 

 

 

Figure E. Flame temperature measurement distribution in jet fire 

tests. Data from a total of 20 standard jet fire tests, with average 

temperature 1061 ± 115°C, median 1059 °C (dashed line). Data 

from a total of 55 high temperature jet fire tests, with average 

temperature 1218 ± 179 °C, median 1244 °C (solid line). All 

temperature measuremets at each recorded time step are included 

in the data set 

 The majority of the measured flame temperatures in the 
standard test setup are spread over a wider temperature range 
than the flame temperatures in the modified setup. It is also 
clear that higher temperatures are reached using the modified 
test setup and that this method is superior for heat exposures 
around 1300 °C.  

 These results emphasize that even with the same fuel leak 
rate, differences in compartmentation of the fire plume have a 
large impact on the temperature levels.  

 Choice of representative flame temperature: NORSOK 
S001 [1] defines fire loads in two categories, local peak heat 
load (250 kW/m

2 
and

 
350 kW/m

2
) and global average heat load 

(100 kW/m
2
). In the method presented here, the local peak heat 

load has been interpreted as the local maximum flame 
temperature for each time step. In practice, the highest 
measured temperature from the group of thermocouples placed 
in the re-circulation chamber is selected, for each time step. 
This is the suggested temperature (Tflame) to be used in the heat 

flux calculation in eq (1). An alternative to the selected 
approach is to use the average flame temperature during a test.  

 The difference between the two approaches is given in 
Figure F. As can be seen, the proposed interpretation of using 
local maximum flame temperatures will give a less 
conservative approach than using the average flame 
temperature. The flame temperatures would need to be even 
higher during a test in order to reach 350 kW/m

2
 heat flux level 

using average values. However, with local maximum 
temperatures of around 1300 °C (see Figure E), the calculated 
heat flux levels are assumed to meet the requirements for risk 
analysis purposes, as will be discussed below. 

 

 

Figure F. Distribution of calculated heat flux using local maximum 

(solid line) and using average flame temperatures (dashed line). 

Data is collected from 55 high temperature jet fire tests, each with 

about 6 thermocouples 

 Relevance for real-scale fire incidents: The calculation 
method presented in this paper is an approximation for a 
complex reality, but it is still considered to give a 
representative measurement for the temperature that an object 
would reach when placed inside a relatively large jet fire. 

 It could be argued that the high temperatures reached in the 
modified re-circulation chamber are unrealistically high for 
real-scale incidents. However, these jet fire temperatures are 
similar to those measured in other large-scale fire experiments 
[5]. Flame temperatures above 1370 °C have been measured in 
large scale tests with oil pool fires on the sea surface [6-8], for 
various fuels in tunnel fires tests [5,9] and for large crude oil 
spray and pool fires [10-11]. Common for all these is that the 
scale is larger than what is normally found at laboratory fire 
experiments, but still significantly smaller than the fires 
observed in severe incidents, such as on the Piper Alpha and on 
the Deepwater Horizon. 

 We argue that temperature measurements in a defined 
measurement object give a good representation of the thermal 
exposure to an object engulfed in a flame. If a specific heat flux 
level is required, as is the case in NORSOK S001 [1], the 
calculation method presented in this paper will give a 
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conservative, but relevant calculation from these measured 
temperatures to heat flux levels.  
 
SUMMARY AND CONCLUSIONS 
 
 A jet fire test method to reach and measure 350 kW/m

2
 heat 

flux exposure has been described. A modified version of the 
standard ISO 22899-1 jet fire test setup is used to enable high 
temperature jet fire testing. The fuel type, nozzle dimension 
and fuel flow rate are kept unchanged. The geometry of the re-
circulation chamber has been modified, to increase 
compartmentation of the jet flame.  

 The thermocouple type found to be most suited for 
temperature measurement of the flame is 8 mm diameter steel 
tubes with 1.5 mm encapsulated thermocouple inside. A 
suggested point of development is to make a directional, robust 
thermocouple.  

 The Stefan-Boltzmann relation between temperature and 
heat flux is used for calculating heat flux levels, assuming 
negligible convection contribution.  

 The method presented here has been found to be simple, 
robust, repeatable and practically applicable, in a large series of 
jet fire tests. We propose that the presented test setup, 
measurement method and calculation method should be used 
for documentation of the performance of passive fire protection 
products in high temperature jet fires.  
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ABSTRACT 
 

The traditional approach to risk management is that risk 

acceptance criteria are developed by the tunnel owner prior to 

risk analysis. Risk analysis results are thereafter evaluated 

against these criteria in order to document a sufficient safety 

level. In this paper we introduce risk acceptance as a process 

after analyses have been carried out, rather than using risk 

acceptance criteria as a part of result assessment. 

This is a new way to work with risk management, which 

departs from the strong influence of compliance approaches. 

We propose to transfer the engineering based thinking of risk 

into a field of systems theory [1] with use of resilience 

approaches. We claim that our approach will make the 

transition from traditional safety management into modern 

resilience based management much easier, especially for 

traditionally managed critical infrastructures, such as the road 

traffic that includes tunnels. 

 

BACKGROUND 

   
During the recent decade Norway has experienced several 

tunnel fires, some of them exposing many road users for heavy 
smoke. Even though major tunnel fires are frequently observed, 
assessing the risk of major fires in a specific road tunnel is a 
difficult task. Norway has more than 1100 road tunnels and 
they vary substantially in designs (length, cross-section area, 
equipment, curves, slopes, intersections, traffic, etc). How can 
tunnel owners, public and the society as a whole express what 
is safe enough? Risk analysis of major tunnel fires (> 30 MW) 
involves uncertainties, in which modelling, data gathering, 
assumptions and use of expert opinions play major roles. 

The Norwegian public roads administration (NPRA) has 
not yet developed risk acceptance criteria for their tunnels. The 
NPRA has many roles, such as; the road authority providing 
regulations; tunnel owner responsible for the tunnel standard; 
tunnel operator managing the daily traffic works; tunnel 
maintenance planner; and tunnel contingency provider. The 
NPRA acknowledges difficulties with providing strict criteria 
encompassing all tunnels as well as the lacking precision of 
risk analysis tools. Risk results are difficult to interpret in 

absolute terms. The NPRA’s technical specification, which has 
also status as regulation - N500 [2], describes minimum 
standards to technical solutions, but do not give insights into 
related safety levels. Looking into the background material of 
regulations has not yielded considerations of what are seen as 
risk acceptance criteria.  

In this paper we introduce risk acceptance criteria as a 
process, rather than result assessment. This is a new way to 
work with risk management. It departs from the strong 
influence of engineering based compliance approaches, into a 
field of systems theory [1]. Our approach follows up Stephen 
Watson’s [3] consern that probabilistic safety analyses are 
nothing else than dialectical arguments over safety that needs 
to be debated amongst stakeholders in order to provide good 
basis for decision making. This view on risk analyses has not 
obtained much attention amongst stakeholders and the safety 
management domain as a scientific discipline. Fire safety is 
seen as an expert oriented discipline in which risk is considered 
a quantity that could be analysed by objective, true models and 
data. We oppose this view.  

Our approach to risk acceptance criteria contains the 
process from when the hazid and risk analysis is presented, 
further on to the process of learning and reflection activities 
amongst stakeholders, until it is integrated into system 
constraints [1]. Thus, the process is an integral part of 
engineering safety using systems theory. Fire safety 
engineering as traditionally seen in construction projects may 
have difficulties to adopt this approach to risk management, 
communicative planning has not become a strong characteristic 
of construction projects. However, we claim that the NPRA, 
after nearly twenty years of experiences with the Zero Vision 
philosophy would be a mature risk informed actor.    

The risk images regarding major fires in the considered 
tunnel system, will then be open for debate and criteria chosen 
as part of the process. Currently, risk models predicting major 
fires in tunnels are lacking. The NPRA has been critisized from 
many agencies:  

 The Office of the Auditor General of Norway 
documents that the NPRA does not assess specific 
risks related to the tunnel studied [4], and they 
further claim that the NPRA lacks control in their 
safety work.  
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 The Road Supervisory Authority put forward 
similar critics and emphasizes that the NPRA has 
noe sufficiently implemented the Tunnel Safety 
Directive nor is the tunnel safety work based on 
clear cut consepts and activities [5].  

 We also mention that the NPRA is lagging 
severily behind in their tunnel upgrading project. 
The tunnel upgrading project’s aim is to ensure 
compliance with the Tunnel Safety Directive and 
the project is meant to be finalised in 2019.  

 The Accident Investigation Board Norway 
(AIBN) points at serious malfunctions of the 
NPRA’s safety work after the many fires occurred 
in Norwegian tunnels recent years [6-8]. 

However, on the other hand the NPRA can document that 
traffic safety in Norway has significantly improved since 2000. 
The Norwegian records on fatalities and seriously injured 
people in traffic is amongst the lowest in the world taken all 
comparative approaches and concepts into consideration. No 
one has died from intoxication after major fires in Norwegian 
tunnels. 

 

RISK MANAGEMENT IN THE ROAD SECTOR 
 
In this chapter we present the NPRA’s experiences with 

risk assessment and how various organisational levels in the 
road transport systems view risk. It is based on studies we have 
conducted since 2013, both regarding general risk assessments 
and specific tunnel fire safety assessments.   

A. NPRA’s experiences with risk analyses 

The NPRA had undertaken approximately 200 risk 
assessments in 2013. Risk assessments were carried out as 
specified by the NPRAs Handbook 271 “Risk assessments in 
road traffic.” In an effort to further develop and improve their 
risk assessment practice the NPRA decided to evaluate a 
selection of risk assessments. The main purpose of this activity 
was to develop insights regarding whether and to what extent 
the risk assessments provide users with good decision support, 
and to examine whether the risk assessments function as a good 
learning tool for the NPRA. The evaluation was based on an 
analysis of ten road projects where risk assessments were part 
of the project management [9]. The risk assessments were 
subjected to existing and planned road systems, to systems 
such as roundabouts, bridges, sections and tunnels, and risk 
assessments were also carried out in relation to traffic safety 
during construction phases. 

The results from the comparative case studies show that 

risk assessments in the NPRA both provide good decision 

support and that participation in risk assessments imply 

learning.  

1) In general very useful experiences 
Some of the results from the study are summarized below. 

It was originally described as a “success story”: 

 In the analyses where the assessment had a clear and 

single purpose defined by or together with the project 

owner, the application of findings was more 

successful. 

 The cases where respondents explained that risk 

assessments were practically institutionalized as part 

of the planning process, appeared to be the projects 

that made the best use of the risk assessment tools.  

 All the respondents emphasized the multidisciplinary 

nature of the assessments as a key success criterion. 

Here the respondents focused on the hazid meetings 

(meetings of experts discussing safety problems 

guided by a process-leader). The hazid meetings 

appear to have a very positive effect in terms of 

developing knowledge and creating a common 

understanding of projects. 

Furthermore, the study concluded: “In relation to concrete 
decisions it is important that the risk assessments are done at 
the right time and that significant interests are represented. This 
is true not only for project owners, but for all actors that can 
affect the final result of the projects we examined” [9]. 

2) Challenges and opportunities for development 

In order to recommend issues for further development, the 

study looked at a number of tasks, in which researchers gave 

concrete advices, reported as “we recommend”: 

Competence among those who order risk assessment is a 

critical factor. An individual who orders a risk assessment 

based on a careful consideration of what he or she wishes to 

achieve, will enhance ownership to the assessments. In 

addition it makes the process appear more meaningful. We 

recommend that the NPRA should establish competence 

requirements upon those who order risk analyses as part of 

decision processes. 

Assessment criteria are not operationalized. Criteria for 

assessing risk analysis is merely an image that everyone 

carries. The design of the road system is meant to lead to safe 

behaviour. It is also meant to protect against serious 

consequences of mistakes. These amongst a number of other 

normative statements are functional demands that are 

established in the NPRA. These statements but have not been 

subjected to debate. We recommend that the NPRA considers 

how the assessment criteria should be operationalized and 

used in risk assessments. 

Does the NPRA lack a culture for discussion of risk? Use 

of risk results as a discussion regarding traffic safety was not 

observed in the study. Reports are only evaluated to a minor 

extent and the risk assessments groups are not challenged 

regarding their assessments of the risk factors. Our 

recommendation is that the NPRA should encourage 

discussions regarding the contents of risk analyses. In this way 

knowledge will be challenged and decisions will be made in a 

constructive manner. 

Risk assessments are power. Risk assessments are an attractive 

tool for individuals with strong opinions about the suitability 

of solutions. The use of concepts is also related to power. The 

risk assessment process leader and the report writer have also 

power. The only way to deal with active use of power is by 

using knowledge and strong process leaders who have 

professional integrity. How to secure the quality of the 

analyses? Traceability, credibility, transferability and validity 

are concepts that can be used to establish quality criteria. We 

recommend that the NPRA should create quality criteria aimed 

specifically at risk assessment processes, where one of the 

goals should be to avoid misuse of power by individual 

participants. 

The limits for risk acceptance criteria, tolerability levels and 

other requirements are not documented. We recommend that 

the NPRA should develop clear guidelines with regards to 

how various assessment criteria should be understood and 

determine who is responsible for ensuring requirements and 

criteria are followed up. 
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Decision situations, uncertainty and frameworks for the risk 

assessment process. Handbook 271 on risk analysis 

emphasizes the importance of uncertainty in risk assessments. 

We recommend that the NPRA should study uncertainty in 

relation to how risk assessments are planned, and perhaps also 

develop a tool for use in the assessments that can aid 

participants in describing uncertainty. Such a tool can 

contribute to the creation of purposes and limitations of the 

risk assessments that are done. We are however not 

recommending that uncertainty should be described alongside 

the results of the risk analysis. 

The study from 2015 emphasized the unresolved problem with 

risk acceptance criteria, both regarding to whether it should be 

developed by the NPRA and how the criteria should be 

expressed and interpreted.  

B. Two levels within the road tunnel system with different 

interpretation of risk 

The tunnel system comprises a hierarcical level of actors 

both involved in the planning processes as well as in 

operations. The Norwegian Public Roads Administration 

serves many levels and puroposes, from issuing regulations to 

plan and administer the tunnel as well as managing the traffic. 

Two imortant levels is the Directorate, situated in Oslo that is 

responsible for regulations, guidelines and project approvals. 

The Regional Office is the tunnel owner and responsible for 

the risk assessments related to design and operations. Since 

the Zero-Vision philosophy became part of the premises on 

traffic safety in Norway in 2000, risk assessments have 

developed incrementally.  

However, the two levels within the NPRA have also 

developed in different directions, in which some regions have 

a pragmatic view on risk assessment. These regions see risk as 

an image of the analysts involved and they relate the risk 

assessment very strongly to choice of solutions. For them risk 

is connected with safety concerns and they associate events 

and consequences with subjective statements on probabilities 

and uncertainties. They are pragmatic and use hazid-meetings 

as their risk assessment tools.  

On the other hand the Directorate is data driven and sees 

risk as relative frequencies of fatal accidents or seriously 

injured people, often normalised on traffic work, population or 

similar quantities. Their positivistic view on risk is classical, 

and often uncertainties are neglected. They see risk as a 

context free concept. 

Generally we can relate persons working in the areas to the 

various characteristics of risk interpretation, but it will be fair 

to say that the various interpretations are consequences of the 

different needs for decision support that exist in the two tunnel 

system levels. The Directorate has a national overall view, 

while regions are context specific single tunnel oriented. 

 

RISK ACCEPTANCE - A DISCUSSION AMONGST 

STAKEHOLDERS 

 

Acknowledging risk as a dynamic phenomenon with 

specific characteristics related to the unique conditions in each 

tunnel calls for a situated approach. Applying highly 

standardized techniques may not reveal the real challenges 

connected with risk governance under the given conditions. 

We therefore propose a modified approach to analysis of 

risks focusing on the involvement of different stakeholders. In 

designing this type of an analysis, we may draw on 

experiences from the hazid-technique, buth with enhanced 

requirements to the procedural elements of the process. 

Instead of focusing the risk as a dependable variable or as an 

output-measure, the risk image may be developed on basis of 

what emerge as concerns during the process of analysis. 

For such a process to become transparent, testable and 

able to validate it has to document facts and concerns related 

to a set of factors: 

 Underlying knowledge on which the following risk 

discussions are based. 

 Experiences from relevant or comparable projects. 

 Values and norms at stake, including legal 

requirements and economic considerations. 

 Framing conditions related to nature, culture and 

other structural elements, including expectations 

related to transportation volumes, patterns and types. 

 Expectations from different stakeholders. 

On basis of these factors there will be a need to develop 

criteria for evaluation of the tunnel system functions. To 

ensure validity of the findings, there must be a plan for 

continuous follow up, taking up-coming events into account 

and bringing them, new knowledge or new experiences and 

expectations into an iteration of the process. 

In this way the “risk analyses” never will be finalized, but 

it may be used as basis for discussions and decisions at 

different times during both the planning, building and 

management of the tunnel. 

A common risk picture/image 

developed/designed/negotiated among the different 

stakeholders cannot be regarded as the ultimate truth, but it 

may be claimed that it mirrors the basis of explicit and implicit 

knowledge on which risk related decisions are made at 

different stages in the life of a tunnel. Thus, a well-designed 

hazid process will have risk acceptance criteria as the superior 

goal, both related to underlying knowledge, technical, 

operational and organisational solutions. Presentation of this 

process is not part of the scope of this paper. However, by 

introducing risk analyses, systems and underlying knowledge 

in this way to stakeholders it will increase the understanding 

and position of safety in general and fire safety specifically. 

We have conducted several studies, which shows that decision 

makers have minor knowledge of safety and risks [10, 11].  

 

 DISCUSSION / CONCLUSIONS 

 

In this article we propose that the traditional approach by 

establishing risk acceptance criteria as a basis for formalized 

risk assessment methods can be substituted by a process 

involving stakeholders in position to have some kind of impact 

on the safety level and the safety constraints of the specific 

system. 

This may be done through a hazid-inspired procedure in 

which the specific conditions related to the tunnel to be 

analyzed are taken as a basis for intitiating a managed 

dialogue among persons and institutions that have interests in 

maintaining a high safety level in the transportation system. 

The result will not be a visualized picture of the accepted 

risk, as we find in FN-plots and ALARP-diagrams. But the 

discussions may etablish a risk image to be shared amongst 

those in position to have impact on the safety constraints and 
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safety level in the tunnel (or any other road traffic system) 

studied. 

The result cannot be perceived as the ultimate truth about 

the risk in the system. Regrettably results of traditional 

approaches seem to be apprehended as showing the truth to a 

higher degree than defendable from a scientific point of view. 

Still it may show to constitute a platform for continous 

collection of experiences and an iterative process related to 

improving safety in the system. This need to be further 

explored through prospective, empirical studies of real cases. 
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ABSTRACT 
 
The ventilation system in a tunnel can force fire hazards to 

propagate downstream, and meanwhile the fresh airflow carries 
oxygen to the fire source, which can enhance combustion 
process. This paper numerically investigated the influence of 
longitudinal ventilation velocity on tunnel fire development 
and spread. The ventilation velocity varied 50% up and down 
of critical velocity Vc for three fuel supplies. The simulation 
results show that the length of back-layering can be 
significantly reduced if the ventilation velocity increases from 
0.5Vc to 0.7Vc for the three tunnel fires. The percentages of 
unburned fuel and CO concentration decrease linearly with the 
increase of ventilation velocity at the location close to fire 
source. The increase in ventilation velocity sometimes fails to 
dilute the fire hazards at the downstream side of the fire source 
because more fuel gets involved in combustion.  

 

INTRODUCTION 

 
Fire safety in tunnels has attracted serious attention due to 

the catastrophic tunnel fire accidents occurred in the past 
decades. A comprehensive summary of tunnel fire accidents 
can be found in [1-3]. In a tunnel, a fire interacting with 
ventilation airflow might generate complicated airflow 
patterns, which are difficult to observe from tunnel portals. It 
would make the firefighting procedure extremely complicated 
if rescue personnel has no knowledge of the situation inside of 
the tunnel.  

The fire flow in a tunnel could be controlled by using 
mechanical ventilation systems, which are categorized into 
longitudinal ventilation system, transverse ventilation system, 
semi-transverse systems and combined ventilation systems [1]. 
Among these ventilation systems, the longitudinal ventilation 
system has been widely adopted all over the world due to its 
relatively simple mechanism and low cost. In case of a fire, a 
longitudinal ventilation system is expected to produce a 
longitudinal flow to blow away the fire-induced hazards to the 
downstream portal. Therefore, a smoke-free path upstream of 
the fire source is created and the evacuees can possible escape 
out of the tunnel through the smoke-free path. 

Although the longitudinal ventilation system can create a 
safer evacuation path in the upstream side of a fire, the 
situation can become potentially worse for the evacuees located 
downstream of the fire. In the Mont Blanc Tunnel fire [4], the 
smoke and flame were forced to propagate mainly in the 
direction towards entrance by the ventilation system, resulting 
CO content downstream of the truck fire to raise quickly over 
150 ppm within minutes. Those evacuees trapped behind the 
truck fire can only make escape of 100 to 500 m distance 
before collapsing to toxic smoke. Many vehicles behind the 
truck were caught in fire. The accident caused 39 fatal 
causalities and destroyed over 30 vehicles. Until now, not 
much effort has been devoted to the downstream safety in 
tunnels.     

A fire occurring in a tunnel interacts with ventilation 
airflow, resulting in a complex situation. It does not just alter 
the fire flow patterns, but also affects the combustion process. 
The airflow introduced into a tunnel can force the combustion 
products to propagate downstream. If the flow velocity is not 
high enough, a reverse flow of hot gases in the ceiling will be 
created upstream of the fire. This phenomenon is known as 
back-layering. Meanwhile, the fresh airflow carries oxygen to 
the fire source, which might lead to fast fire development and 
produce more fire hazards. Thus in the case of a tunnel fire, a 
suitable ventilation velocity is expected to be chosen to create a 
safer evacuation path upstream while avoid significantly 
worsening the situation downstream of the fire source. Li & 
Ingason carried a series of experiments to study the effect of 
ventilation on tunnel fires [5-6]. It is suggested that a velocity 
lower than critical velocity was recommended in the initial 
evacuation period, and a velocity slightly greater than critical 
velocity was preferred at the later fire-fighting stage. A low 
velocity might result in a small fire size and maintain smoke 
stratification while a high velocity can prevent back-layering, 
reduce concentration of toxic gases and improve visibility far 
downstream.  

In this paper, a numerical investigation on the influence of 
ventilation on tunnel fire development and spread was 
conducted. A series of tunnel fire scenarios with a variation of 
fire size and ventilation velocity were simulated using a CFD 
tool called SMARTFIRE [7]. First, a brief introduction of 
tunnel critical velocity is presented as it is widely used in 
tunnel longitudinal ventilation system. Then a series of tunnel 
fires scenarios with a variation of critical velocity are set up. 
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Finally, the simulation results are discussed, followed by a 
conclusion.  

 

CRITICAL VELOCITY 
 
Critical velocity is defined as the minimum longitudinal 

ventilation velocity to prevent reverse flow of smoke from a 
fire in a tunnel. A critical Froude number (Frc) is developed to 
estimate critical velocity. Frc is defined as the ratio of the 
buoyancy forces of smoke flow to the inertia of air flow [1, 8-
11]. Frc is a dimensionless number and is expressed as: 

𝐹𝑟𝑐 =
∆𝜌𝑔𝐻

𝜌0𝑢𝑐
2                                                                     [1] 

where uc is the critical velocity (m/s), g is the gravitational 
acceleration (m/s

2
), H is the height of the tunnel (m) and ∆𝜌 is 

the density difference (kg/m
3
). Thomas [8-9] suggested the 

smoke back-layering can be prevented if the critical Froude 
number is equal to 1. Then the proposed equation to calculate 
the critical velocity is expressed as:  

𝑢𝑐 = (
𝑔�̇�𝐻

𝜌0𝑐𝑝𝑇𝑓𝐴
)

1/3

                                                                

[2] 

where �̇� is the heat release rate (HRR) (kW), 𝜌0 is the 
ambient density (kg/m

3
),  𝑐𝑝 is the heat capacity of air (kJ/ kg 

K), 𝑇𝑓  is the average downstream temperature and A is the 

tunnel cross-sectional area (m
2
). 

Danziger and Kenndey [10-11] suggested that the critical 
Froude number varied over a range of 4.5-6.7 and a value of 
4.5 was recommended for large tunnel fires. Further, the 
convective HRR rather than the total HRR should be used in 
Eq. 2.  

However, experiments conducted by Lee et al. [12] shown 
that the critical Froude number varied in a wide range for 
smoke flow control, and thus the critical Froude number is not 
a reasonable way to estimate the critical velocity in tunnel fires. 
Experiments conducted on the reduced scale model shows that 
the critical velocity tends to reach a limit value according to 
Vauquelin’s work [13].  

Li et al. [14] analysed the experiments data to investigate 
the critical velocity together with the back-layering length in 
tunnel fires. A piecewise function is proposed to correlate 
critical velocity through a dimensionless critical velocity (𝑢𝑐

∗) 
and a dimensionless HRR (𝑄∗). The dimensionless velocity is 
calculated as: 

𝑢𝑐
∗ = {

0.81𝑄∗1/3,   𝑄∗ ≤ 0.15 
0.43,              𝑄∗ ≥ 0.15   

                                       

[3] 

where the dimensionless quantities 𝑄∗ and 𝑢𝑐
∗ are defined 

as:  

𝑄∗ =
�̇�

𝜌0𝑐𝑝𝑇0𝑔1/2𝐻5/2                                                             

[4] 

and 

𝑢𝑐
∗ =

𝑢𝑐

√𝑔𝐻
                                                                            

[5] 

The Eq. 3-5 shows that the critical velocity reaches a limit 

value 0.43√𝑔𝐻 if the dimensionless heat release rate 𝑄∗ is 

greater than 0.15, which is in agreement with the work of 
Vauquelin [13]. Until now, the research on tunnel critical 
velocity is still under intensive investigation and the summary 
of the work can be found in [1]. 

 

NUMERICAL INVESTIGATION 

 
In this paper, SMARTFIRE [7] was used to investigate the 

influence of ventilation on tunnel fire development and spread 
by varying fire size and longitudinal ventilation velocities.  

The tunnel was represented by a 150×5.5×5.5 m
3
 geometry 

with two open vents on both side of the tunnel. The area of the 
cross-section is 30.25 m

2
. A burner was located at a distance of 

47 m from the inlet and the size of the burner was 3×2×2 m
3
 

(length × width × height). The tests conducted in [15-16] show 
that the peak HRR can vary from 67 to 202 MW for heavy 
goods vehicles fires if the tunnel cross-sectional area is 
between 30 and 32 m

2
. In this study, the burner was designed 

to produce three fires with HRR no more than 50 MW, 
100MW and 150 MW separately. The burner released 
propylene (C3H6) at three different constant velocities (see 
Table 1). The average heat of combustion of propylene is 46.4 
MJ/kg and the smoke yield is set to be 0.095 g/g [17]. If all of 
the fuel involves in complete combustion, the HRR can reach 
the potential max HRR listed in Table 1. However, it is 
possible that not all fuel involves in combustion. The real HRR 
might be much smaller than the potential max HRR.  

Table 1. Fuel flow velocity and potential max HRR 

Fuel size Fuel_1 Fuel_2 Fuel_3 

Fuel velocity (m/s) 0.1 0.2 0.3 

Potential max HRR 50 MW 100MW 150MW 

According to Eq. 3-5, the critical velocity reaches the limit 
value of 3.15 m/s if HRR is greater than 12 MW for this tunnel. 
For the three fuel sizes shown in Table 1, the potential max 
HRR is much higher than the 12 MW, which means the critical 
velocity is fixed to 3.15 m/s even most of the fuel does not 
involve in combustion. Seven different ventilation velocities 
were applied to the inlet flow to blow away the fire production 
to the downstream portal. First, the ventilation velocity at the 
inlet of the tunnel was set to be the critical velocity (Vc). Then 
the inlet velocity varied 15%, 30% and 50% up and down of 
critical velocity as listed in Table 2. 

Table 2. The ventilation velocity 

Variation -50% -30% -15% Vc +15% +30% +50% 

V (m/s) 1.58 2.21 2.68 3.15 3.62 4.10 4.73 

The turbulence of flow field was modelled by k-ε model. 
Eddy Dissipation combustion model (EDM) was used to 
simulate the combustion of the gas fuel while radiation was 

75

BOOK OF PROCEEDINGS Nordic Fire & Safety Days

https://en.wikipedia.org/wiki/Dimensionless_number


represented using a 24-ray discrete transfer radiation model. 
The toxic generation was modelled by the toxic model 

developed by Zhao et. al. [18].  

           
(a)                                                                               (b) 

Figure 1. Predicted (a) temperatures and (b) CO mass fraction along the tunnel height at the center of fire source for the fire Fuel_2 with 

ventilation velocity = Vc 

 The computational domain was extended by 2 m at the 
downstream portal and the simulations were carried out with a 

time step size of 2 seconds. A non-uniform Cartesian mesh 

consisting of 505,760 cells was used in discretization of the 
computational domain. The mesh was finer in the flame region 
with a size of 0.167 m and gradually changed to coarser with a 
maximum size around 0.3 m. To analyse the mesh sensitivity 
of the model, three mesh solutions were also used in the 
discretization. The mesh solution around the flame region 
varied between approximate 0.136 m and 0.30 m and the 
solution around the region of the tunnel portals varied between 
approximate 0.3 m and 0.5 m. The mesh sensitivity of the 
simulations was analysed by comparing the predicted 
temperature and CO mass fraction along the tunnel height at 
the centre of fire source for the fire Fuel_2 with ventilation 
velocity = Vc. The variation of the predicted peak temperatures 
from the three finer mesh solutions is less than 8.2% and the 
variation of peak CO mass fractions for the three mesh 
solutions is no more than 4.2% (see Figure 1). Therefore, it is 
reasonable to assume that the mesh solution of 0.167 m in the 
vicinity of fire source is adequate to produce mesh independent 
simulation results. The following discussion is based on the 
results from the simulations with this mesh solution.  

 

RESULTS AND DISCUSSION 

 
Before comparing the predictions downstream of the fire 

source, the upstream safety is discussed first. The smoke back-
layering does not exist or is very small if the ventilation 
velocity is greater than 0.5Vc. Figure 2 shows the predicted 

light extinction coefficient profiles at the upstream side of 
tunnel fire for the three fires. The back-layering reaches the 
upstream portal if the ventilation velocity is 0.5Vc while only 
small back-layering exists if the ventilation velocity is 0.7Vc 
for the fire Fuel_1 (Figure 2(a)). The similar phenomenon were 
also observed for the other two fires. It shows that the length of 
back-layering for the three tunnel fires can be significantly 
reduced if the ventilation velocity is greater than or equal to 
0.7Vc. 

Further, the temperature and light extinction coefficient at 
10 m upstream of the fire source were predicted if the 
ventilation velocity is 0.5Vc. At this location, the tendencies of 
temperatures/extinction coefficient against tunnel height for 
three fires are very close to each other (Figure 3). The 
temperature is close to ambient temperature at the height of 1 
m and is less than 42°C at the height of 2 m. Extinction 
coefficient reaches approximate 0.16/m at the height of 1 m 
and reaches 0.5/m at the height of 1.5 m. Jin [19] suggested a 
tenability extinction coefficient limits of 0.5/m for escape. 
Therefore, the smoke stratification stays in the upper layer and 
does not represents very serious hazards at upstream side of 
fire source.  

An interesting phenomenon is also observed in the three 
fires. The length of back-layering for the largest fire Fuel_3 is 
shorter than that of the two smaller fires if ventilation velocity 
is 0.7Vc (Figure 2). The reason might be that more fuel 
involved in incomplete combustion and less strong plume was 
produced in the vicinity of fire source for the fire Fuel_3 in 
comparison to the other two fires (Fuel_1 and Fuel_2). 

         
(a)  

          
(b)  

         
(c) 
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Figure 2. Predicted light extinction coefficient profiles for ventilation velocity 0.5Vc (left) and 0.7Vc (right) at the upstream side of tunnel fire 
for the fire (a) Fuel_1, (b) Fuel_2 and (c) Fuel_3

           
(a)                                                                                                   (b) 

Figure 3. Predicted (a) temperature and (b) extinction coefficient along the tunnel height at 10 m upstream of the fires for ventilation velocity 
= 0.5Vc 

           
(a)                                                                                                   (b)  

Figure 4. The percentage of unburned fuel at (a) 20 m and (b) 50 m away from the fire sources 

           
(a)                                                                                                  (b) 

Figure 5. The average CO mass concentration at (a) 20 m and (b) 50 m away from the fire sources 

Then the downstream safety is investigated by comparing 
the predicted unburned fuel, CO concentration at the 
downstream side of fires.   

The percentage of unburned fuel were predicted at the 
location of 20 m and 50 m away from the fire source. For the 
fire Fuel_1, the percentage of unburned fuel can be ignored and 
is not discussed here. The percentages of unburned fuel against 
ventilation velocity for the two larger fires (Fuel_2 and Fuel_3) 
are shown in Figure 4. At 20 m downstream of the fire source, 
the percentage of unburned fuel decreases linearly with the 
increase of ventilation velocity. Moreover, the rate of the 
decreasing percentage for the two fires are very close to each 
other. At 50 m downstream of the fire source, some of the 
unburned fuel gets involved in combustion as oxidant was 
available. For the two fires, the percentage of unburned fuel 

also decreases linearly if velocity increases from 0.5Vc to 1.5Vc 
at this location. For the fire Fuel_2, the percentage of unburned 
fuel decreases to near zero at velocity of 1.5Vc at this location.  

Although less fuel burns with low ventilation velocity, more 
toxic gases might be produced as more fuel involves in 
incomplete combustion. The average CO mass concentration at 
the two locations were also predicted. For the fire Fuel_1, the 
predicted CO mass concentration stays in the order of 10

-4 
at 20 

m away if ventilation velocity varies 50% up and down of the 
critical velocity. Therefore, the influence of ventilation on the 
CO production for the fire Fuel_1 can be ignored and is not 
discussed here. Figure 5 shows the average CO mass 
concentration against ventilation velocity at 20 m and 50 m 
away from the fire sources. Compared Figure 5 with Figure 4, 
it is obvious that the productions of CO against ventilation 
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velocity have similar tendencies as that for unburned fuel. It 
means that low ventilation velocity can limit the fire size, and 

meanwhile more amount of CO can be produced. At 50 m 
away from fire

           
 (a)                                                             (b)                                                                  (c) 

Figure 6. Predicted extinction coefficient at tunnel height from 1 m to 5 m at 100 m downstream of the fire source for fire (a) Fuel_1, (b) 
Fuel_2 and (c) Fuel_3 

           
 (a)                                                          (b)                                                             (c) 

Figure 7. Predicted temperature at tunnel height from 1 m to 5 m at 100 m downstream of the fire source for fire (a) Fuel_1, (b) Fuel_2 and 
(c) Fuel_3

sources, CO met oxidant and involved in combustion. The 
ventilation airflow can also dilute the CO concentration at this 
location. Therefore, the CO concentration at 50 m away from 
the fire sources is much lower than that at 20 m away from the 
fire sources.  

To further investigate the situation downstream of the 
tunnel fire, the temperature and extinction coefficient along the 
tunnel height are discussed at 100 m away from the fire source.  

Figure 6 shows the predicted light extinction coefficient at 
the tunnel height from 1 m to 5 m at 100 m downstream of the 
fire source. The three short dashes along each vertical line in 
Figure 6 are the extinction coefficient values at the height of 1 
m, 3 m and 5 m separately. A very interesting phenomenon is 
that the variations in extinction coefficient along the tunnel 
height are the biggest if the ventilation velocity is 0.5Vc (1.58 
m/s) for the fire Fuel_1 and Fuel_2. Once the ventilation 
velocity increases to 0.7Vc (2.21 m/s) or more, the variation in 
extinction coefficient becomes much smaller. It means that the 
smoke stratification at this location is maintained if ventilation 
velocity is 0.5Vc (1.58 m/s) while it might be destroyed if 
ventilation velocity is more than 0.7Vc (2.21 m/s) for the two 
fire sources. For the largest fire Fuel_3, the variation in 
extinction coefficient for velocity 0.5Vc (1.58 m/s) is smaller 
than that for the velocity between 0.7Vc (2.21 m/s) and 1.5Vc 

(4.73 m/s) at this location. The reason might be that a huge 
amount of smoke was produced in the fire Fuel_3 and the 
downstream side of the tunnel was fully filled with smoke. 
However, the ventilation flow diluted the smoke and reduced 
the extinction coefficient if the ventilation velocity increased.  

The temperature at tunnel height from 1 m to 5 m at 100 m 
downstream of the fire source is shown in Figure 7. It also 
shows obvious variations in temperature along the tunnel 
height if the ventilation velocity is 0.5Vc (1.58 m/s) for the two 
smaller fire sources. When the ventilation velocity increases 
over 0.7Vc, the effect of ventilation velocity on heat transfer 
becomes complicated. Figure 6&7 show that the increase in 
ventilation velocity sometimes fails to dilute the smoke/heat as 
more combustion smoke/heat is produced. 

 

CONCLUSION 
 
This paper numerically investigated the influence of 

ventilation velocity on fire development and spread in tunnel. 
The burner released propylene (C3H6) at three different 
constant velocities of 0.1 m/s (Fuel_1), 0.2m/s (Fuel_2) and 
0.3m/s (Fuel_3). The ventilation velocity varied 50% up and 
down of critical velocity. The upstream safety was investigated 
through the smoke back-layering, extinction coefficient and 
temperature profiles. Then the downstream safety was 
investigated through the percentages of unburned fuel and CO 
concentration at 20m and 50m downstream of the fire source. 
The temperature and extinction coefficient at 100m away from 
fire source were also predicted. The main findings are 
concluded as: 

1. The length of back-layering can be significantly reduced if 
the ventilation velocity is greater than or equal to 0.7Vc for 
three tunnel fires (Figure 2). If the ventilation velocity 
decreases to 0.5Vc, the smoke stratification stays in the 
upper layer and does not represents serious hazards at 10 
m upstream of fire source (Figure 3). 
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2. The percentage of unburned fuel decreases linearly with the 
increase of ventilation velocity for the two larger fire 
sources at 20 m away from the fire sources (Figure 4). The 
unburned fuel gets involved in combustion when the fuel 
travels further to the downstream side of tunnel. 

3. The CO concentration against ventilation velocity in tunnel 
fire follows similar tendency as that for unburned fuel 
(Figure 5). It means the fire size can be limited by 
ventilation airflow meanwhile more toxic gases might be 
produced for fuel-rich fire.  

4. At 100 m downstream of the tunnel fire source, the smoke 
stratification is maintained if ventilation velocity is 0.5Vc 
for the two smaller fires Fuel_1 and Fuel_2 (Figure 6&7). 

The above findings give some suggestions on the operation 
of longitudinal ventilation system in this tunnel:  

 Ventilation velocity no less than 0.7Vc is suggested if the 
safety in the upstream side of tunnel is demanded. 

 If the fire is no extremely big (less than 100MW in this 
case), the smoke stratification at the downstream side of 
tunnel can be maintained when the ventilation velocity is 
0.5Vc.  

 For fuel-rich fire, low ventilation velocity can significantly 
limit the fire size. However, more toxic gases might be 
produced in tunnel.  

Only a specific tunnel is used in the numerical simulation. 
Further research is required to take the tunnel dimension into 
consideration in investigating the influence of ventilation 
velocity on fire development and spread.  
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ABSTRACT 
 

Road tunnels in Norway are becoming increasingly 

complex, and several long subsea tunnels are either under 

construction or planned for the near future. The Office of the 

Auditor General in Norway recently stated that there is a need 

to improve fire safety in road tunnels. By systematically 

examining safety management in an industry dealing with 

high risks daily and combining this with knowledge gained 

through investigations of tunnel fire accidents and existing 

research on tunnel fires, this paper is aimed at identifying 

some areas for improvement in the fire safety engineering of 

complex road tunnels. The ‘inherently safer’ philosophy is 

used as a starting point for safety management, and there 

appears to be some potential for improvement within tunnel 

fire safety engineering when taking into account parameters 

and uncertainties regarding fire growth, heat release rates, 

smoke stratification and toxicity, and time available to escape 

with different ventilation strategies. 

 

INTRODUCTION  
 

Several large tunnel fires have occurred in Norway in 
recent years; Skatestraum Tunnel, July 2015 [1]; Gudvanga 
Tunnel, August 2013 and 2015 [2]; and Oslofjord Tunnel, June 
2011 [3]. These accidents have all been investigated by the 
Accident Investigation Board Norway (AIBN), which 
concluded that, under slightly altered circumstances, each of 
these fires could have resulted in casualties [1], [2], [3]. In 
2017, fires broke out in heavy goods vehicles both in Fjærland 
Tunnel [4] and in the Oslofjord Tunnel [5]. The fire in the 
Oslofjord Tunnel in 2017 bore several similarities to the 2011 
fire. In the Oslofjord Tunnel alone, there has been one major 
fire every year since its opening in 2000 [3]. It is in this context 
that the Office of the Auditor General in Norway recently 
stated that there is a need to improve fire safety in road tunnels 
[6]. 

Road tunnels in Norway are becoming increasingly 
complex, and several long subsea tunnels are under 
construction or planned for the near future. A complex system 
is a system composed of many components that interact with 

each other [7]. One could argue that a tunnel represents a 
complex system because it depends on several stakeholders to 
achieve an acceptable fire safety design and to maintain that 
safety level once it enters the operational phase. The tunnel 
owner, project leader, technical entrepreneurs, fire brigade, 
road traffic centre, road users and government are all involved 
in the project’s life cycle at some stage. Ensuring a high level 
of safety in any construction project is a multidisciplinary task. 
Traditional fire safety science based on natural science 
principles alone is severely limited when considering safety in 
complex constructions [8]. Achieving and maintaining an 
acceptable fire safety design to reduce the risk of the 
occurrence of a major fire leading to loss of life, as was the 
case with the 1999 fire in the Mont Blanc Tunnel [9], is critical 
but could be challenging when several stakeholders are 
involved. 

One industry that has experienced several major accidents 
is the oil and gas industry. The Alexander L. Kielland accident 
[10] on 27 March 1980, which killed 123 people, became the 
starting point for developing the safety regulations in place 
within the Norwegian oil and gas industry today. Complex 
organisations in high-risk industries are dealing with different 
types of risk on a daily basis, and substantial effort is extended 
on managing risk to achieve safer systems. These organisations 
prioritise safety, performance and shared goals. The focus is on 
learning from accidents, incidents and near misses in order to 
improve the safety culture and safety performance. In the 
Norwegian oil and gas industry, inherent safety in design is a 
strong risk reduction principle [11]. This principle is a 
foundational consideration in every construction project. 
Furthermore, measures reducing the probability of an accident 
occurring are prioritised over measures reducing the 
consequences of the same accident. The purpose of this paper 
is thus to compare the fire safety design process and current 
legislative framework used when designing road tunnels with 
the inherent safety design process employed in the oil and gas 
industry. 
 
THE PRINCIPLE OF INHERENTLY SAFER DESIGN 
 

Inherently safer design is a philosophy in which the focus is 
on eliminating hazards or reducing their magnitude, rather than 
on attempting to control the hazard [12]. This is not a new 
approach; engineers working with a wide range of technologies    
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have employed the principle for many years without 
recognising it as a common approach. In the late 1970s, the 
British chemical engineer Trevor Kletz [13] recognised this 
common approach and termed it ‘inherently safer design’. 
Kletz then developed a specific set of approaches to provide 
engineers in the chemical process industry with a common 
toolbox to systematise this way of thinking when designing 
processes and plants [13], with a view towards making these 
inherently safe. 

The main idea of inherently safer design is that it is better 
to reduce the hazard early on in the design phase rather than to 
attempt to control it at a later stage by adding safety systems. 
Inherent safety is thus considered the most basic way of 
achieving a safer design in a cost-effective way. Generally, an 
inherently safer design is considered applicable to the 
consequences of a given risk, but could also apply to its 
likelihood of occurrence. An inherently safer design can reduce 
the magnitude of a potential incident arising from a particular 
risk or accident, or make the occurrence of an accident highly 
unlikely or even impossible [12]. 

An inherently safer design is, however, relative. A design 
solution can only be described as inherently safer when 
compared to another design solution. In the design process, one 
must therefore consider the entire project life cycle and 
compare the design with other possible design solutions. The 
principle of inherent safety has become a fundamental 
component of risk management in several industries over the 
years, not just at chemical plants. For instance, it is employed 
widely throughout engineering via the UK Construction, 
Design and Management (CDM) Regulations [14], which 
applies to the entire construction process, from concept to 
completion, in all construction projects in the UK. 

Safety is generally understood as a condition in which 
nothing goes wrong and from which accidents are absent [15], 
[16]. Hollnagel calls this perspective Safety-I, because the 
focus is on avoiding things going wrong [17]. Safety-II, on the 
other hand, is defined by Hollnagel as a condition in which as 
much as possible goes right and in which the potential for 
success is as high as possible [17]. Safety management, 
correspondingly, can also be divided into two approaches. 
From a Safety-I perspective, one assumes that things that go 
right and things that go wrong happen in different ways – an 
activity either succeeds or fails. When something fails, the 
response is to find the cause and then develop appropriate 
barriers. This response is reactive. Safety-II, however, assumes 
that both outcomes basically occur in the same way. Safety 
management from this perspective should therefore focus on 
how to succeed. It presupposes a proactive approach by 
continuously attempting to foresee what can happen and then 
providing the means and conditions necessary for people to 
succeed [17]. The principle of inherently safer design will more 
or less fall into the Safety-II category, because there is a 
proactive attempt to anticipate events and developments early 
on in the design phase and then to reduce the risks accordingly. 
 
STUDY APPROACH 
 

In Norway, the oil and gas industries are regulated by the 
Petroleum Safety Authority, while the Norwegian Public Roads 

Administration (NPRA) plans, builds, operates and maintains 
roads and tunnels in Norway. The prevailing requirements in 
relation to safety in road tunnels are set out in the Tunnel 
Safety Regulation [18]. The NPRA is updated on all risks, 
dangers and vulnerabilities related to public roads [19], and it 
strives to ensure that everyone who uses the roads in one way 
or another reaches their destination safely [20]. The NPRA’s 
role in respect of road tunnels is therefore more or less the 
same as the role fulfilled by the Petroleum Authority in the oil 
and gas industry. However, the principle of safety management 
regarding fire risk and safety used in the oil and gas industry is 
not necessarily the same as that used in other sectors, including 
in the construction of buildings and roads. 

By employing both the Safety-I and Safety-II approaches 
within safety management, the aim of this paper is to map 
whether the fire engineering of complex road tunnels can be 
improved by using the inherently safer philosophy in safety 
management. This is a qualitative study based on a review of 
the legislative framework relevant to the design process. Also, 
safety measures and lessons learned from tunnel fires in 
Norway have been systemized, and a case study within an 
industry that has been extensive experience of risk and safety 
management, the oil and gas industry, has been conducted. The 
study approach is as follows: 

1. Identify how safety management is regulated and 
carried out in a project in the oil and gas industry in 
Norway by reviewing legislation and company-specific 
design documents. An interview was also conducted 
with the discipline responsible for technical safety.  

2. Identify how safety management is regulated and 
carried out in a tunnel project by reviewing legislation 
and manuals issued by the NPRA related to road 
tunnels. 

3. Compare and systematise safety measures and lessons 
learnt from previous tunnel fires in Norway. This was 
done to establish whether there are commonalities and 
to map potential barriers that might be present in a 
tunnel fire. 

4. Compare legislation within the different industries with 
regard to safety and risk management. 

5. Based on the results obtained via the steps above, make 
recommendations for improving the design process in 
order to create inherently safer tunnels. 

To study the mechanisms governing an inherently safer 

design process in the oil and gas industry, a case study was 

performed on a new gas plant terminal. The terminal was built 

to increase the safety and capacity of an existing receiving 

terminal. The design of the new receiving terminal was 

scenario based, and the inherent safety philosophy was used 

together with safety performance-based design criteria. A 

review of all design documentation, as well as an interview of 

the person responsible for technical safety in the project, was 

conducted. 

To study the approach to fire safety used when designing 
road tunnels, the NPRA’s official website was systematically 
searched for documents related to planning, building, operating 
and maintaining tunnels. Here, the N500 Road Tunnels manual 
[21], V520 Tunnel Guidance document [22] and R511 Safety 
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Management of Road Tunnels, Part 1 guideline [23] were 
found to be relevant and studied in detail. 

Previous tunnel fires in Norway have been thoroughly 
scrutinised by the AIBN. The AIBN investigation reports on all 
tunnel fires occurring in the last few years [1], [2], [3], [4], [5], 
[24], [25] were studied and systematised, focusing on the 
safety recommendations made by the AIBN. The aim was to 
map potential areas for improvement in the tunnel design 
process. 
 
ACHIEVING AN INHERENTLY SAFER DESIGN 
PROCESS AT A GAS RECEIVING TERMINAL 
 

Technical safety management in the project development 
and design processes comprises activities aimed at identifying 
risks and developing safety strategies and performance 
requirements for safety systems and barriers. In concept 
optimisation and design development, priority is given to 
preventive measures or the exposure of barriers and inherently 
safer design principles. The objectives with risk reduction 
principles and inherent safety design are to [11]: 

 Reduce potential hazards 

 Reduce the probability of unwanted events 

 Reduce inventory and damage potential, 

 Strive for simplicity and reliability 

 Prevent escalation, for instance by implementing safety 
barriers. 

The project owner must comply with a company governing 
document called the Safety Performance Standard [26]. The 
objective of the Safety Performance Standard is to add any 
supplemental safety requirements other than those specified by 
the authority’s requirements and standards. The document 
confirms that the barriers, safety systems and functions are 
suitable, have sufficient capacity and availability, and are 
suitable for all operating conditions. The safety barriers are 
identified through risk analyses and lessons learnt from 
previous accidents in the industry [11]. This is followed by the 
development of a safety strategy [27]. This is an important 
document for the design phase. The objective of the safety 
strategy is to document the fire and explosion strategy and 
emergency preparedness strategy for the project and to verify 
the protection measures required to limit the risks to 
construction and personnel associated with fires and 
explosions. The main topics covered in the safety strategy 
document are [27]: 

 Fire and explosion protection philosophy  

 Identification of fire and explosion hazards  

 Analysis of the fire and explosion risks  

 Determination of the necessary fire and explosion 
protection measures  

 Emergency preparedness and response. 

The safety strategy is developed to ensure that the 
requirements of the Safety Performance Standard are fulfilled. 
The safety philosophy is strongly based on the integrity of the 
process design for the prevention of hydrocarbon release and 
the ignition of hydrocarbons if released. The objective is to 
maximise the safety of personnel under all circumstances. The 

philosophy for managing the fire and explosion hazards is 
based on the following order of priorities [27]: 

1. Prevention of a loss of containment through adequate 
design (inherently safe), operations and maintenance 

2. Effective detection or warning and escape of personnel 
3. Prevention of ignition in the event of a containment 

failure, by control of ignition sources 
4. Limitation of the released inventory in case of a 

containment failure by emergency isolation and 
blowdown to a safe location 

5. Mitigation of the consequences of fire and explosion by 
means of adequate spacing and/or a fire and explosion 
protection system. 

Having functional performance requirements in regard to 
safety leads to a scenario-based terminal design. All hazards 
are identified and modelled so that adequate barriers can be 
identified and implemented. For instance, an important barrier 
preventing the escalation of a fire and explosion scenario is the 
layout of the terminal. The new terminal was designed to be 
inherently safer than the old one by removing via design the 
possibility of an accident escalating. This was achieved by 
using a larger distance between the process trains than at the 
original terminal. By simulating different types of fire and 
explosion scenarios, it was possible to identify a distance at 
which it would no longer be possible for the fire to escalate 
before the process itself was shut down (i.e., no more 
flammable content in the pipelines). It was also possible to 
locate potential leakage points (e.g. valves) at a height at which 
they would not contribute to fire spread by enhancing the flame 
due to the Coanda effect [28] (flame will stick to the ground; 
see figure 1). 

 
Figure 1. Simulation of a jet flame [29] 

Using simulation tools (CFD modelling) and 
knowledge of fire dynamics [30] to map how different design 
solutions will affect fire development is a good way to achieve 
an inherently safer design of the terminal. In this case it was 
also cost-saving, due to a reduced need for passive fire 
protection and the associated increased maintenance cost due to 
the risk of corrosion underneath the isolation. Achieving this 
design solution requires knowledge about fire as a phenomenon 
and a good safety management strategy. The technical safety 
responsible person in the project is responsible for ensuring 
that the design process reflects the project scope and that the 
results from analyses and reviews are properly documented for 
timely input in the design and procurement process. The main 
elements related to technical safety design in projects in the oil 
and gas industry are illustrated in figure 2 [11]. 
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Figure 2. Main elements of technical safety design in the oil and 

gas industry [11] 

The company’s approach is a structured way to mitigate the 
fire risk and implement an inherently safer philosophy. It uses 
safety performance requirements to reduce fire and explosion 
risks, followed by an obligation to always reduce the risk as 
much as possible. This is a common approach to managing risk 
in the oil and gas industry during the development of projects. 
It is also a requirement of the Petroleum Authority in Norway 
to have in place risk reduction principles and barriers [31], 
[32].  

Safety management during start-up and operation is defined 
in the overall corporation management systems and specific 
commissioning and operating procedures. Regular maintenance 
is carried out, together with frequent inspections and reviews, 
to ensure that the safety level is maintained. Important safety 
barriers are tagged as critical safety equipment in the 
maintenance system and have stricter requirements for follow-
up than other equipment. Reviews that examine safety barriers 
and verify them against validation activities covering design, 
condition and operations are carried out at regular intervals 
during operation. Risk and barrier management form an 
integral part of corporate governance (figure 3). 

 

 

Figure 3. Corporate governance structure [33] 

REQUIREMENTS WHEN DESIGNING ROAD 

TUNNELS 

 
When planning and designing a tunnel, the applicable 

governance document is N500 Road Tunnels, published by the 
NRPA [21]. The requirements listed in the manual are 
applicable during both the planning and engineering phases of 
projects. Planning and engineering a tunnel are based on 
estimated lifetime, estimated operation time, vulnerability and 
safety assessments, and operation and maintenance 
considerations. Tunnel profiles are based on the tunnel length 
and the expected AADT (yearly number of cars passing by a 
given location, divided by 365) 20 years after completion. 
Significant uncertainty regarding traffic growth requires special 
consideration based on a risk analysis. The tunnel class 
determines the safety level and equipment in tunnels longer 
than 500 m (i.e., the number of roadways, emergency exits, 
safety equipment, and breakdown and turnaround slots). 
Tunnels longer than 10 km require special considerations. The 
R511 manual provides guidelines regarding how to satisfy the 
tunnel safety regulations [23]. It contains a requirement to have 
a safety representative who coordinates all preventive safety 
measurements to ensure the safety of road users and operation 
personnel. It also contains requirements regarding safety 
documentation. The requirements for obtaining a safety 
approval and opening the tunnel to traffic are [23]: 

1. Description of the tunnel’s construction.  
2. Planned preventive measurements, including portal 

design, ramps, lighting, traffic prognosis, risk analysis 
for hazardous cargo, and sidewalk for evacuation.  

3. Road conditions: driving width, height and curvature, 
both horizontal and vertical.  

4. Preventive measures for traffic users and workers in the 
tunnel: emergency telephones, fire extinguishers, fire 
water, emergency exits, evacuation lights, backup 
electricity, special provision for disabled persons, 
emergency communication tools and other measures. 

5. Operations: what shall be monitored and managed. 
6. Risk assessment: an assessment of the possible 

accidents that can occur and a description of potential 
hazards and consequences throughout the tunnel’s 
lifetime. The assessment must emphasise and justify 
measurements that are conducted to reduce the 
probability and consequences of accidents. 

7. A statement regarding safety from an expert. 

Prior to opening, the following must be in place: 

83

BOOK OF PROCEEDINGS Nordic Fire & Safety Days



8. Description of the organisational, human and material 
resources and instructions necessary to maintain 
operation and maintenance of the tunnel. 

9. An emergency preparedness plan, prepared in 
collaboration with the fire rescue organisation, which 
takes into consideration disabled persons. 

10. A description of how events and accidents will be 
recorded and analysed. 

Operational requirements: 
11. Reports on and analysis of significant events and 

accidents that have occurred. 
12. A list of emergency response exercises and lessons 

learnt. 

The manual applies to all tunnels exceeding 500 m in length. 
The main elements of the safety design of road tunnels are 
illustrated in figure 4. 

 
Figure 4. Design requirements for tunnels longer than 500 m 

 

LESSONS LEARNED FROM NORWEGIAN TUNNEL 
FIRES 
 

By studying the investigation reports and lessons learned 
from road tunnel accidents in Norway over recent years, there 
are several important lessons that should be included when 
assessing the risk level of a new tunnel. The AIBN has 
published investigative reports on several fires and has made a 
total of 23 safety recommendations [1], [2], [3], [24], [25]. 
These recommendations have a number of similarities and can 
be divided into four main groups: 

 Understanding risks involved/safety management (six)  

 Engineering recommendations (three)  

 Preventive recommendations (nine) 

 Reactive recommendations (five)  

The recommendations are categorised as shown to make it 
easier to sort out the potential barrier or safety constraints [34] 
that can be used when designing a new tunnel. Within each of 
these categories, barriers that could have affected the fire 
development ave been identified. 

An examination of the safety recommendations made by 
AIBN supports the notion of a tunnel as a complex system due 
to all the participants that must be involved to improve the 
safety level in a tunnel. There are several design elements that 
affected the fire development in the fires investigated. 
Moreover, it is worth mentioning that the ongoing investigation 
of the 2017 fire in the Oslofjord tunnel so far shows several 
similarities to the fire in 2011 [5]. The investigation of the fire 
in the Fjærland Tunnel [4], in which a heavy goods vehicle 
externally mounted with cleaning equipment caught alight, has 
shown that, despite the presence of an ongoing cleaning 
operation with traffic routing and an escort car, this did not 
prevent road users from being exposed to fire smoke after the 
fire ventilation started (13 persons were injured by the smoke). 
A common feature of heavy goods vehicle and bus fires inside 
tunnels is that such fires escalate rapidly. This is supported by 
research done by Haukur et al. [35]. In more or less every fire 
scenario in Norwegian tunnel fires, road users were exposed to 
fire smoke, resulting in a range of injuries, from minor to 
severe and even critical [1], [2], [3], [4], [5]. 
 
COMPARING REGULATIONS 
 

A comparison of the Tunnel Safety Regulation [18] with 
the Framework HSE, Management and Technical and 
Operational Regulations [31,32] used in the petroleum industry 
reveals some differences in the handling of the expectations 
and responsibility for reducing risk. In the PSA regulation, 
there is a requirement to continuously reduce risk and to have 
safety barriers for all identified and known risks (Management 
Regulation §4, §5). In reducing the risk, the responsible party 
shall choose the technical, operational or organisational solu-
tions that, according to an individual and overall evaluation of 
the potential harm and present and future use, offer the best 
results, provided the costs are not significantly disproportionate 
to the risk reduction achieved. Risk means the consequences of 
the activities, with associated uncertainty (§ 11 Framework 
Regulation).  

In contrast, the Tunnel Safety Regulation states that, where 
certain structural requirements only can be satisfied through 
technical solutions which are either not feasible or can be 
achieved only at disproportionate cost, the administrative 
authority may accept the implementation of risk reduction 
measures as an alternative to the application of those 
requirements, provided that the alternative measures will result 
in equivalent or improved protection. The efficiency of these 
measures shall be demonstrated through a risk analysis.  

Furthermore, risk analyses, where necessary, shall be 

carried out by a body that is functionally independent from the 

tunnel manager. The content and results of these risk analyses 

shall be included in the safety documentation submitted to the 

administrative authority. A risk analysis is an analysis of risks 

for a given tunnel, considering all design factors and traffic 
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conditions that affect safety, notably, traffic characteristics and 

type, tunnel length and tunnel geometry, as well as the 

forecast number of heavy goods vehicles per day.  

 

DISCUSSION AND CONCLUSION 
 

In both industries, requirements regarding safety 
management are present, and there are similarities regarding 
risk reduction principles and requirements for risk analysis. 
However, the principles regarding how to set safety 
requirements appear to be somewhat different. The oil and gas 
industry appears to have a proactive risk hierarchy 
implemented in their governing documentation. On this basis, 
risk management strategies in the inherent and passive 
categories are more robust and reliable [12]. It seems as though 
the Norwegian Public Roads Administration has a more 
reactive approach to safety. When designing tunnels, the body 
requires that the profile, shape and structure of the tunnel, 
layout of the road, preventive measures for road users and 
operations systems be decided before hazards are identified and 
analysed. This makes it difficult to adopt a risk-based approach 
to design. 

Some of the technical system requirements described in the 
N500 manual [21] play a significant role during a fire and need 
to be tailored accordingly, for instance, the drainage and 
ventilation systems. For example, the manual states that there 
must be a distance of 250 m between emergency exits (when 
required). Based on our knowledge of potential fire toxicity, 
smoke irritants, human behaviour in crises and an inherently 
safe design approach [36],[12], this requirement is not 
necessarily adequate in all fire scenarios. The functionality of 
the barriers present in a tunnel will determine whether or not it 
is possible to conduct a safe evacuation. Some 
recommendations can therefore be made to achieve an 
inherently safer design and safety management system. The 
safety management approach in the oil and gas industry has 
developed from the mechanisms of Safety-I. As a consequence 
of improved knowledge about safety management, the result of 
dealing with risk on a daily basis, the process plants have 
become inherently safer over the years, and now follow a 
Safety-II approach by focusing on foreseeing what can happen 
in terms of fires and how to succeed in preventing these fires 
from escalating into major fires or accidents. At present, safety 
management and barrier management are integral aspects of 
the corporate governance system, making it possible to conduct 
scenario-based design based on the results from risk analysis. 

Currently, the N500 manual [21], which is used when 
designing tunnels in Norway, does not emphasise an inherently 
safer design regarding fire safety. Knowing that a large fire in a 
tunnel holds significant potential to create a major accident, 
one should aim to make tunnels inherently safer. In an 
inherently safer tunnel, the probability of a major fire occurring 
would be further reduced (hazards minimised). If the accident 
nevertheless occurs, the tunnel must be designed in such a way 
that it reduces the adverse consequences in a reliable and 
efficient way (limitation of effects), making it possible to reach 
a safe location without having to walk or drive long distances 
to escape the smoke. Consequently, one should enhance the 
present barriers when designing a tunnel and describe the 

safety functionality and reliability requirements early on in the 
project development process. 

As stated in the N500 manual [21], the requirements set out 
in the manual are compliant with the Tunnel Safety Regulation 
[18]. When designing the ventilation system, the tunnel safety 
regulation states, among other things, that construction, 
building and operations shall maintain control of heat and 
smoke in case of fire. Mechanical ventilation shall be present in 
tunnels that exceeds a traffic volume larger than 2,000 vehicles 
in each direction, and in tunnels over 1 km in length [18]. 
When mechanical ventilation is required, transverse or semi-
transverse ventilation shall be used. Lengthways ventilation is 
not permitted unless a risk analysis can document an adequate 
safety level. Safety measures, for instance, traffic regulation, 
short distances between emergency exits and smoke extraction 
at regular distances, shall be implemented accordingly. Chapter 
9 of the N500 manual covers the ventilation system [21]. The 
chapter states that the ventilation system should be 
dimensioned for a possible fire, be reversible, and dimensioned 
to manage the smoke in the required direction. Further 
guidance is given on smoke management and how to choose a 
ventilation direction. However, this is not in accordance with 
the Tunnel Safety Regulation’s requirement of a transverse or 
semi-transverse ventilation system as a starting point. The 
N500 manual [21], which is the prevailing project document, 
more or less states that the ventilation system should be 
longitudinal. This set of project requirements does not enhance 
safety barriers or their role in reducing the adverse 
consequences of a fire scenario. 

The Tunnel Safety Regulation [18] requires emergency 
exits for tunnels between 0.5 and 10 km in length with an 
AADT > 8,000 and for tunnels of more than 10 km in length 
and an AADT of more than 4,000. The robustness of this set of 
design criteria is questionable, since it is not based on the 
possible fire effect that could be present in the tunnel. The 
tunnels themselves are designed for a lifespan of 100 years, and 
the technical installations for a lifespan of 50 years [21]. The 
safety level, however, is determined on the basis of the 
expected traffic volume in 20 years [21]. This means that the 
engineering criteria take account of only the number of cars 
using the tunnel in 20 years, not the various types of vehicles. 
Instead, the possible fire effect, that is, the heat release rate 
(HRR) [35], should be used as a safety design criterion or 
constraint, rather than the traffic volume. This was also stated 
in the investigation report from AIBN [3], and is supported by 
several tunnel fire experiments and knowledge acquired in the 
field of tunnel fire dynamics [35]. If the AADT exceeds a 
given number after, for instance, 15 years, then the 
requirements for emergency exits suddenly apply. Upgrading 
the tunnel to comply with the new safety level would then 
come at a very high cost. Further, the Tunnel Safety Regulation 
[18] requires that, when heavy goods vehicles above 3.5 tons 
exceed 15% of the expected average traffic in a 24-hour period, 
or seasonal traffic significantly exceeds the average AADT, the 
increase in risk should be handled by increasing the tunnel’s 
traffic volume (AADT) [18]. This represents yet another 
uncertainty factor that will change during the years of 
operation. At certain points in time, the requirement regarding 
emergency exits may apply. Several further uncertainties 
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support the argument that the expected fire effect (HRR) over a 
period of 100 years should be an engineering criterion rather 
than related to traffic volume. Previous tunnel fires, as well as 
our knowledge about fire as a phenomenon, show that fire risk 
is connected to the inclination of the tunnel, the types of 
vehicles inside, and the ventilation strategy [1], [2], [3], [24] , 
[25], [35]. These parameters will affect the fire growth, heat 
release rate, smoke stratification and time available to escape. 
Fire smoke can be lethal [36]. It should therefore be a safety 
constraint regarding evacuation in smoke. At present, there are 
several uncertainties regarding the possible effect of evacuation 
in smoke. From a risk-based design perspective, where the 
strategy is to emphasise inherent and proactive measures [12], 
the current requirements of the N500 manual [21] appear to be 
somewhat inadequate when it comes to setting a framework for 
a robust fire safety design. It is possible to learn from other 
industries and tunnel fires already investigated in Norway to 
work on developing a risk hierarchy and design criteria for 
tunnel fires, aiming for an inherently safer fire safety design.  

One way to achieve a more proactive approach to safety 
management could be to study the design process followed 
when designing a complex tunnel and to map how the risk 
analysis results are used to implement fire risk reduction 
measures. Will risk analyses take into consideration lessons 
learnt from previous tunnel fires? Furthermore, which barriers 
and safety constraints should be present, based on our 
knowledge of fire smoke toxicity? 

From this starting point, it might be possible to develop 
barriers and safety constraints and thus implement them in the 
design process. By applying a Safety-II approach to safety 
management [17], the Norwegian Public Roads Administration 
could increase the fire safety level in road tunnels and move 
one step closer to fulfilling the ‘Zero Vision’ of nobody killed 
or seriously injured in traffic. The integration of a structured 
safety management process into the corporate governance 
system and design requirements could drive an inherently safer 
fire safety design in complex road tunnels over time.  

This study has some limitations which should be taken into 
account by future research. Only Norwegian tunnels and design 
documents were studied. Other countries, especially those that 
have experienced major road tunnel accidents, might also have 
lessons to offer regarding safety management in the design 
process. Moreover, the legislation used for fire safety in 
buildings could be reviewed. This study selected the oil and 
gas industry because, in this industry, the regulations consist 
largely of risk- and performance-based requirements. They 
regulate important aspects of HSE for the industry in an 
integrated and coherent manner. On the other hand, the 
economics of these two industries are rather different. Still, 
there appear to be some transferable lessons regarding safety 
management. This conclusion are also supported by previous 
investigations of road tunnels, which have stated that their 
safety management and the understanding of risks require 
improvement.  
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ABSTRACT 
 
The last ten years standardisation enterprises (ISO and 

national units) have carried out extensive work to establish 
standards and codes for fire safety engineering. A Nordic 
initiative has now been launched for public comments, 
providing guidance on “Probabilistic Methods for Verifying 
Fire Safety Design in Buildings” [prINSTA/TS 951 - 1]. In this 
paper we analyse core concepts of the technical specification 
(TS 951) using the perspective of fire safety management. It is 
assumed that authorities, engineering resources and building 
developers must cooperate. Often, when a building is handed 
over from planning and development to the operation phase, 
new actors enter the field; the building owner, users and the 
rescue services. One can hope that novel building designs that 
will be subjected to probabilistic methods for verifying fire 
safety (the TS 951) will be based on trustworthy, traceable and 
sound designs. The essence is knowledge that must be open for 
review and discussion. We question the usefulness of the TS. 
Instead of enhancing flexibility in choice of solutions and fire 
safety awareness, we fear the TS will imply rigidity in fire risk 
analyses in an understanding of compliance with unclear 
statements of performance criteria. 

 

BACKGROUND 

 

Historical changes 

A Nordic initiative has now been launched for public 
comments, providing guidance on “Probabilistic Methods for 
Verifying Fire Safety Design in Buildings” [prINSTA/TS 951 - 
1]. Use of performance based fire safety designs was formally 
introduced in Norway in 1997, heavily influenced by the 
experiences in other high-risk industries, such as the oil and gas 
industry. This formed a new discipline; fire safety engineering. 
Practitioners of fire safety engineering cooperated with other 
professional engineering disciplines in the design of buildings 
and structures.  

The experiences from 1980-ies in the oil and gas industry 
were the major accidents, such as Alexander Kjelland (1980) 
and Piper Alpha (1988) influenced the regulatory bodies to 

demand comprehensive risk assessment methodologies in the 
design processes [2]. In the 1990-ies the industry further 
discussed standardization of taxonomies, methodologies, 
models and data in order to enhance quality of assessments and 
reduce costs. Comprehensive quantitative risk analyses 
processes formed a consultancy branch providing “Total Risk 
Analyses (TRA)”. The usability of TRAs have been questioned 
and the industry is now looking for better solutions [3]. Safety 
management based on functional requirements was an 
important part of the design of the offshore facilities.  

Safety management principles, based on functional 
requirements did not get foothold in the land-based 
construction industry after the introduction in 1997. Instead, 
methodologies based on comparative studies with reference 
buildings were developed. Risk assessments of novel 
buildings’ proneness to fires were rarely seen [4, 5], and when 
such analyses were presented, they were poorly founded in risk 
theory.  

The historical development of the construction industry has 
been regulations based on detailed solutions incrementally 
improved by learning from events, such as fires. Designing 
novel buildings has become a mixture of pre-accepted solutions 
and major parts deviating from pre-accepted technical 
specifications. Performance-based fire safety engineering in 
Norway is usually assessing the deviations from pre-accepted 
solutions and developing support for that an acceptable fire 
safety level is achieved.  

Restrictions related to the pre-accepted solutions motivates 
deviations. Such restrictions could be that the floor area of a 
fire section in a sprinklered building should in Norway not 
exceed 10 000 m

2
. Another restriction is that the maximum 

travel distance to an emergency exit in a shopping mall should 
not in Norway exceed 30 m. Such restrictions are sometimes 
problematic to resolve in combination with other functional 
requirements, and are often deviated from. When deviations are 
introduced, consultants usually carry out an analysis of the 
possible consequences. Such analyses are usually qualitative, 
not in accordance with any overall procedure and usually 
restricted to the deviation only, i.e. it does not consider the 
holistic fire safety level of the building. This indicates that fire 
safety engineers in Norway have a poor general understanding 
of risk and methodologies for measuring fire safety levels [5]. 
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Major issue and methodology 

In this paper, we analyze core concepts of the technical 
specification (TS 951) in the perspective of fire safety 
management. It is assumed that authorities, engineering 
resources and building developers must cooperate to ensure fire 
safety. We present selected concepts from TS 951 and provide 
a critical review of these concepts based on theoretical 
controversies and related empirical evidence that represent 
underlying challenges for fire safety engineers. Our main issue 
is to investigate whether standardization of probabilistic 
methods to verify fire safety designs of novel buildings will 
improve engineering practices, or not.  

 

PR/INSTA/TS 951 – PROBABILISTICS METHODS FOR 

VERIFYING FIRE SAFETY DESIGNS 

 
The Nordic initiative “Probabilistic Methods for Verifying 

Fire Safety Design in Buildings” (prINSTA/TS 951) exist as a 
hearing document. In the introduction to the TS, it is stated that 
fire safety engineering methods can be used to demonstrate fire 
safety, either 1) to compare a design to pre-accepted solutions, 
or; 2) for the evaluation of a design against absolute criteria. 
This statement provides a good understanding of why the TS 
has been developed. While the first approach is common in the 
Nordic countries and specified in an earlier guide (INSTA/TS 
950), the second approach is not. A major goal of the TS is to 
change current approach, and provide guidance on how to 
conduct a probabilistic analysis for evaluation against absolute 
criteria. From the statement, we draw two key assumptions: 

1. FSE is limited to either comparative analyses or 
probabilistic risk analyses compared with absolute 
criteria. 

2. The major purpose of FSE is verification of designs 
against national regulations. 

In the description of the new approach, there is still a major 
focus on deviations from pre-accepted solutions (see sections 
4.2 - 4.7). This is odd, because the major idea of the TS is cases 
where no valid pre-accepted solutions exist.  

The TS is organised in a traditional way. This means 
mechanical evaluation of risk results against risk acceptance 
criteria. Methods, models, data and assumptions are based on 
common knowledge. According to the developers, the TS does 
not represent anything new, but is rather a collection of “known 
tools” made more accessible to Nordic fire safety engineers. 
Based on a critical review of the TS we will discuss the 
following claims/hypotheses: 

 Risk acceptance criteria as the reference safety level 
reduces fire safety management to an issue of 
compliance without knowledge of analysis contents.  

 Validation of predictive fire risk models and 
verification of designs is not possible. 

 Design processes require decision support that 
deviates from the knowledge gained from PRA. 

 Uncertainty is understood as a mixture of variability, 
lack of knowledge and imprecision. It is a troublesome 

but important concept that needs clarifications before 
use in fire safety designs. 
 

PERFORMANCE CRITERIA (ACCEPTANCE 

CRITERIA) 

 
Traditional safety design based on prescriptions makes a 

clear distinction between acceptable and unacceptable safety. 
Either there is compliance, or there is not. In the former case, 
the design is safe and in the latter, it is unsafe. However, this 
follows from the assumption that everything else, besides 
technical safety measures, is equal. For instance, an office 
building is just an office building no matter where it is located; 
who works there; what maintenance procedures are 
implemented, and so on. 

Risk acceptance criteria establishment is said in TS 951 [6] 
to be the most important achievement for the success of the 
technical specification. National risk acceptance criteria have 
never been proposed, neither as an individual nor as a societal 
criterion. The TS advocates the use of absolute criteria, relating 
to a risk number. The societal risk criteria are developed from a 
“recommended” individual risk criterion of 10

-6
 per year. This 

means: ”an individual may be subject to fatal conditions due to 
fire every 1 000 000 years, which is said to be a tenth of 
recorded loss of lives (all occupancies) in the Nordic 
countries.”  

How shall actors in fire safety engineering understand these 
statements of risk criteria? It seems crucial that the regulators 
must decide whether the TS 951 should be a normative 
reference as a guide to the building regulations and the 
requirements presented there. Are the risk acceptance criteria in 
TS 951 consistent with pre-accepted solutions? Is it fair to say 
that technical designs contributes approx. 10 % to the number 
of fatalities from fires? Furthermore, what are the authors’ 
intentions and interpretations of these criteria? How shall we 
relate uncertainty to them? The questions are numerous and 
they are currently unresolved. 

Recently, we have seen that the field of risk research and 
risk assessment is rejecting the positivist worldview and 
adopting more of a constructivist approach. For instance, it is 
acknowledged that uncertainty is more than probabilities. In 
practice, this calls for a clear distinction between the analysts 
and decision makers, acknowledging that the application of 
mechanistic risk acceptance criteria is excessively simplistic. 

We think that the most important question is how to 
separate good designs from bad designs. The quality of a 
system design may be determined and measured by its fitness 
for the intended purposes. Hence, quality comes down to 
values about what purposes are relevant and how these values 
are prioritized, e.g., based on the importance viewed by the 
stakeholder.  

 

VALIDATION AND VERIFICATION 

 
Validating fire risk models and verifying fire safety of 

novel designs put huge challenges to the fire safety engineer. 
The user of the technical specification is given the following 
instructions: “The user of this Technical Specification must 
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verify that applied models are valid for the relevant design 
situation and that national requirements are met”. Some 
challenges are as follows:  

Firstly, the user shall verify that applied models are valid. 
What does it mean? When is a model fully verified? How can 
we validate a risk model or a probabilistic model of a novel 
design? We have found no solution to this in the academic 
literature [7]. ISO 16730 – Fire Safety Engineering – 
Assessment, verification and validation of calculation methods 
notes: Verification is the “process of determining that a 
calculation method implementation accurately represents the 
developer’s conceptual description of the calculation method 
and the solution to the calculation method”. Validation is the 
“process of determining the degree to which a calculation 
method is an accurate representation of the real world from the 
perspective of the intended uses of the calculation method”. 

The number of calculation tools has increased in 
sophistication as well as complexity. The complexity of these 
tools places requirements on the fire safety analysts’ 
competence. It is important to remember that the arbitrariness 
related to assumptions and required information might not be 
proportional with the degree of accuracy of the software 
models [8]. Regrettably, personnel with insufficient 
competence in their field sometimes perform analysis with 
tools they do not understand. For instance, the Sleipner A GBS 
accident [9] was partly caused by erroneous use of a FEM-
analysis (Finite Element Methods) program. Analogies can be 
made to complex CFD analyses.  

Secondly, the rhetoric of the concepts “verify” and 
“validate” can be misleading as it implies a mechanistic link 
between analysis and decisions. I.e. the decisions simply 
follows the analyses. This can make the formal decision 
makers passive bystanders, rather than encouraging them from 
discussing safety assessments. This is a threat to the quality of 
risk management. The basic assumption in the TS is that there 
exist true fire safety levels and the verification and validation 
procedures manifest these levels. Thus, stakeholders may 
approach the safety assessments similar to how they would 
approach recognized procedures for calculating structural 
integrities. Dealing with probabilistic fire safety designs, this is 
unusual, involving significantly more uncertainties. Authorities 
that supervise the activity must follow up practices on 
performance based fire safety engineering. How can authorities 
accept that a Standardization organization puts themselves into 
the regulator’s driving seat?    

The focus on verification of safety levels indicates that a 
building is either safe or unsafe, independent of context. This 
may lead users to assume that the building may be appropriate 
for “every type of use”. We argue that safety is highly context 
dependent, which may be illustrated by the concept of car 
safety: A Volvo has a good reputation for being a safe car, but 
if the car is driven by an inexperienced, drunken driver on a 
narrow, icy road during the night, safety will be compromised. 
Consequently, safety is an emergent property of the car-driver-
environment system.  

Verification may be, and often is, used about compliance 
with safety objectives in the regulation. Thus, rather than 
verifying a safety level, per se, one verifies whether the 

objectives of the regulations are fulfilled. This may be possible 
if the safety regulations are prescriptive, when there is 
universal agreement about categorization of both the IF and the 
THEN side. However, for novel building designs there are no 
prescriptive regulations, and even if there were, there would be 
disagreement about interpretations. Nevertheless, at best one 
would be able to verify that the design complied with the 
regulation at a specific point in time of the design phase. 
During later design phases, the construction and operation 
phases, it is likely that something is changed, rendering the 
verification work useless [10].  

Thirdly, assessing what is the relevant design situations 
compared with national requirements needs clarifications. It 
must be seen in relation to the dilemmas in engineering.  

 

DILLEMAS IN ENGINEERING 

 
Designing is an act of balancing different values and goals. 

Hence, to assume that goals (safety, aesthetics, operations, etc.) 
or can be predetermined in an objective way, at least in a 
precise quantitative way, is another simplification [4]. 
According to Krippendorff [11] designers need to understand 
how others (the stakeholders) understand the design. Hence, 
designing is not mainly about calculations and evaluations 
against objective criteria but about making sense of the designs 
to the stakeholders in a language they can understand.  

Designing is also inherently a creative task. It is about 
finding innovative solutions to new needs and problems. 
Consider the activity of designing a new building. The building 
owner may have a rather clear specification of what he/she 
wants before the project is initiated. However, as the designers 
bring the ideas to life through models and drawings in 
accordance with the specification, new needs may emerge from 
the new contexts, leading to the original specification being 
adjusted or clarified. Similar processes may be present within 
the design team.  

The TS does not correspond to design processes’ 
characteristics on this matter. Instead of reinforcing processes 
that faces inherent complexity, the TS relies on simplifications 
and structuring of problems.  Some examples of 
simplifications:  

 Use of floor area as an indicator for determining the 
probability of fire, which is an indicator distant from 
system knowledge. Recommendations from the 
Norwegian Oil and Gas Association emphasizes more 
appropriate and enhanced risk analyses, in which 
knowledge is decisive [3]. The contrast is noticeable. 

 Predetermination of reliability of different fire safety 
measures, e.g. fire alarms, detectors, partitioning walls, 
sprinkler systems. Reliability numbers are indirectly 
included through reference to PD 7974 that do not 
mention from which kind of walls, systems etc and 
what circumstances the data has been gathered. 

 Predetermination of models and parameter values (e.g. 
fire growth model, peak heat release and corresponding 
parameter values). The authors have gathered a set of 
data (including referenced documents) for the purpose 
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of feeding the probabilistic models. If the models and 
data is standardized, no one will ask questions about 
their validity/relevance. 

Although a design proposal solves the client’s original 
specified needs, there may be tacitly understood qualities that 
are not acknowledged or appreciated before the design is 
brought to life at some level of abstraction. For instance, when 
the floor plan is drawn, it is possible to picture the activities to 
be carried out in the building and assess how it will function in 
specific operational scenarios. Schön [12] provides an example 
of what he calls a reflective conversation with the situation. 
The process he is describing is circular, involving framing and 
reframing the problem based on the challenges posed by new 
design proposals. 

We doubt that a fire safety engineering process based on 
PRAs according to the TS would effectively support this kind 
of thinking. Instead, the TS promotes a stringent process where 
fire safety engineers are more concerned with whether a design 
proposal is acceptable (yes/no), instead of how, or under what 
circumstances, a design proposal is acceptable. It is our view, 
that providing such reflections would be more valuable to the 
architect and building owner in terms of delivering a safer 
building. 

 

UNCERTAINTY – A TROUBLESOME CONCEPT 

 
The technical specification is oriented towards compliance 

with fire safety objectives that need to be addressed in the 
design. These objectives or performance criteria will according 
to the TS; “in most cases be a quantification of a qualitative 
functional requirement”. This task will constitute a major 
challenge for the users of the technical specification, especially 
in terms of uncertainties.  

Uncertainty is defined as “quantification of the systematic 
and random error in data, variables, parameters or 
mathematical relationships, or of a failure to include a relevant 
element”. Furthermore, the authors of the TS states: 
“Uncertainties may be related to the reliability and validity of a 
model, accuracy in estimating the effect of exposure, 
randomness in the attributes of a population or randomness in 
the possible events that may occur”. 

Uncertainty management is assumed to be strategies to 
manage uncertainties in methods, input data, criteria, models 
and other relevant variables. The authors of the technical 
specification emphasise that the users “must verify that applied 
models are valid for the relevant design situation”. Section 7 in 
the TS introduces uncertainty in many different dimensions; It 
is variability and represented by distributions; It is the analysts 
lack of knowledge; It is scientifically unresolved knowledge; It 
is imprecisions in models and data; It is erroneous models; and 
It is sensitivities related to parameters and variables used in 
analyses. This requires a consistent knowledge base and a clear 
message to the users of the PRA of how to interpret 
uncertainty. The unclear description of uncertainty introduces 
ambiguity in the design process. 

Some claim that uncertainty can be handled, and 
consequently reduced, in risk analyses and risk management. 
The thought is that if we have more knowledge, uncertainty 

could be further reduced, as the uncertainty analyses will be 
more reliable and accurate (correspond more to the future). If 
we had all knowledge there would be no uncertainty and thus 
we would know the future, which of course is impossible (see 
Laplace Demon

1
). So what is the limit of our knowledge? Can 

we have a little knowledge and thus reduce uncertainty with a 
small amount, or can we have a lot of knowledge and thus 
reduce the uncertainty a lot? No, the uncertainty of the future 
cannot be handled. What can be handled, is uncertainty in 
methods and measuring (epistemological). But that only 
contributes to narrowing the quantification; it has nothing to do 
with the possible future state of the world per se [13]. 

The TS 951 is very conclusive about the uncertainty 
quantification and claims that uncertainty and risk represents 
the same. This is misleading and odd, and should be altered in 
the edition intended for public use. 

 

DISCUSSION – IT IS ALL ABOUT KNOWLEDGE 

 
Current fire safety engineering practice shows that the risk 

concept is not commonly adopted by fire safety engineers. 
Still, fire safety science perceives the risk concept as 
fundamental to solving future fire safety engineering problems. 
The previous couple of decades show a vast number of articles 
that focus on developing methods for calculating risk and 
making decisions from risk results. However, the search for 
objective risk and decision criteria seems futile [10]. 

Section 5.3.1 of the TS introduces a relationship between 
FED and probability of incapacitation and fatalities. What is 
the strength of knowledge behind this relationship? Section 
5.3.1.1 introduces an individual risk criterion of 10

-6
 per year. It 

is stated that this represents approximately a tenth of the 
recorded loss of lives in the Nordic countries. In a study part of 
the creation of the NOU “Trygg Hjemme”, we found that 
“vulnerable groups” must have a considerable higher 
individual risk than the average. However, statistics were not 
available to document the actual numbers, as “vulnerable 
groups” is a poorly defined concept in the construction 
industry.  

Furthermore, social variables (mental & physical health, 
income, drug abuse history, criminal record, etc) are not 
included in national fire statistics, but pointed out as important 
drivers in some in-depth studies [14]. Consequently, if the fire 
safety community really decided to look into this subject 
matter, we would find that some “vulnerable groups” have a 
statistical record maybe 30-40, if not 100, times higher than the 
average, and that “the average” statistical record would be 
below the      10

-6
 per year criterion by default in any kind of 

occupancy. This would make it nearly impossible to design 
houses for “the vulnerable groups”, and render fire safety 
engineering meaningless for “the average” population, as the 
criterion is always met. We find that there is lack of knowledge 
with regard to statistics related to fires and related explanations 
and impacts. In addition fire frequency and individual risks are 

                                                           
1
 Laplace Demon: according to Laplace; a machine that has the capacity to 

know every detail about the existing world and its intrinsic cause-effect 

relations, and in addition holding the capabilities to calculate the future based 
on the preconditions. 
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more associated with social characteristics than building 
design. Hence, it is generally problematic to describe the fire 
frequency as a function of building characteristics (see TS page 
43-44).  

We also note that concerning data the TS 951 makes many 
references to PD 7974-7 (see e.g. page 45). Published in 2003, 
the PD 7974-7 contains references to literature mainly from the 
period 1960-1980, with data from Great Britain and heavily 
influenced by the research of a single person (Ramachandran). 
A previous study [5] has shown that PD 7974-7 [15] is a 
popular reference for Norwegian fire safety engineers. This 
may indicate some kind of institutionalization of the numbers 
therein, especially the reliability data for fire safety systems 
(see PD 7974-7 table A.17), by the Norwegian FSE-
community. The quality of numbers gathered from this 
document is usually taken for granted. This is odd, given the 
lack of references and the generality of system descriptions. 
Instead of fire safety engineers having discussions about how 
to design a reliable sprinkler system for a specific building, the 
discussion is more concerned with what is the correct reliability 
number for a sprinkler system in general. The first type of 
discussion could actually lead to improvements in design, 
while the second type of discussion has no meaningful answer.  

Bjelland et al. [10] argue that engineers may be more 
comfortable speaking the language of safety rather than risk. 
Discussing safety performance of systems and the behaviour of 
important phenomena is simply closer to the engineering 
epistemology than probabilities and uncertainty. This promotes 
comparative analyses or the equivalence approach, leading to 
design processes going into the intelligence trap, which entails   
providing logically sound answers to the wrong problems. 
Consequently, one may end up selecting poor designs even 
though the analyses conclude the opposite. In order to meet the 
challenges represented by novel design proposals, a 
strengthening of the performance-based option is necessary. 
This is why we support the intentions of the work with TS 951.  

The traditional approach to PRA has an impersonal 
assumption of knowledge. The idea is a formalization of 
knowledge into structural models, standard data, quantitative 
laws, and predetermined decision criteria. Consequently, it 
should not matter who is designing a building as long as the 
designer is in possession of the standard and relevant 
knowledge within the engineering discipline. This view stands 
in sharp contrast with how competent designers think and work 
in practice. Quantitative models may lead to rigorous results, 
but they are only useful to some extent and do not tackle the 
most important and fundamental problems of design. Technical 
rationality cannot bring clarity in cases of ill-structured and 
multi-faceted problems the way skilled, experienced 
practitioners can [12]. 

Transferring knowledge from planning and design phases 
to the operation phase of the novel building is challenging. The 
building owner, users and the rescue services often lack 
background assumptions and assessments of the fire risks. We 
think that a shift into a real performance-based fire safety 
engineering practice requires changes to the structures forming 
the cooperation between the actors in the building sector. 
Assumptions from the design phase need to be transferred to 

operational conditions. Recommendations on how the local fire 
authorities shall approach supervision of these buildings must 
be provided. The sector must prioritise how to express fire 
safety and furthermore how to interpret fire safety analyses. 

 

CONCLUSIONS 

 
In this paper we address numerous pitfalls with the 

technical specification that need consideration in order to 
ensure more robust design practices related to fire safety.  

Firstly, we miss references to decision-making processes in 
construction projects in the TS. This includes how the 
probabilistic methods to fire safety designs interact with critical 
decisions, and how to achieve the expected increase in the 
quality of decision-making.  

Secondly, the implementation of the technical specification 
in fire safety engineering can contribute to increase, rather than 
reduce, the distance between actors that need to cooperate in 
fire safety management. We argue that complex modelling, 
rigor use of unclear terms and too strong messages from 
analysis results will inhibit discussions. We claim that the 
authors behind TS 951 lack scientific justifications. They 
should also advocate conditions for its use in future design 
processes.  

Thirdly, novel buildings are complex socio-technical 
systems constantly adapting to changes within themselves and 
the environment. Designing for safety, then, is not about 
verification but, rather, about creating a management structure 
that enables the system to change safely. In order to achieve 
this, mathematical rigor may have to give way to more 
qualitative and discursive processes, but this may not be such a 
bad thing. After all, what do we gain from rigorous solutions to 
problems that are simply not relevant? 

A different approach would be to recognize that designing 
is not just about developing technical solutions. It is also about 
developing the goals and values by which the technical 
solutions are to be judged. This implies a new way of thinking 
about the goal of fire safety design. Instead of assuming that 
there exists a universal and objective acceptable safety level, 
the goal could be to identify critical safety constraints 
associated with the selected design [10, 16]. For instance, a 
design proposal introduces constraints on usability/operation. 
Risk assessments in the preliminary stages could look into such 
specific issues. Risk assessments may clarify knowledge 
associated with the decisions by identifying, for instance, 
appropriate safety measures or boundaries of safe operation. 
Analyses are needed during the whole design process, but their 
level of detail needs to reflect the decision that is to be made 
given the available information.  

Too detailed probabilistic fire risk analyses in the early 
stage of the project may be useless due to changes in later 
design stages, or they may impose unwanted constraints on 
creativity and innovation in the design process.  

Based on our discussion we support the initiative to 
standardize parts of probabilistic fire safety assessments, but 
the draft needs major improvements. In its present form, the 
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tools and design principles are too rigid and the TS lacks ability 
to penetrate into the design and systems of novel buildings. 
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ABSTRACT 

 
Additional concerns regarding national safety and security 

have gained increasing focus over the previous years as certain 
hazard and threat scenarios have attracted more interest in light 
of changing societal and international trends. In this context 
continuity of societal functionality plays a part, and while 
today’s fire safety regulation include this as a concern to be 
addressed, the specifics in form of guidelines seems to be 
lacking. This paper provides a preliminary study of the 
Norwegian regulatory regime in the perspective of fire safety 
concerns for maintaining societal functionality and interests, in 
regard to national safety and security. The focus has been on 
establishing an initial understanding of the span of relevant 
research issues, also attempting to identify useful approaches to 
the subject from other safety and security communities for 
further study.  

 

INTRODUCTION 
 
Fire protection is established according to general and well-

known principles, often given in what is referred to as 
prescriptive guidelines. Prescriptive guidelines are found 
subordinate to performance based regulations which give the 
option of either follow a prescriptive approach or conduct an 
analytical approach for verification of a sufficient fire safety 
level. Although an option exists, prescriptive designs, or 
designs based on limited comparative analysis to prescriptive 
references, are for the most part adequate for covering general 
needs for fire protection. However, some buildings might have 
crucial societal functions, housing content or activities of 
special importance for societal interests. Such buildings may 
pose a demand for reinforced fire protection, or a perspective 
on fire safety, not covered by today’s prescriptive guidelines. 
This paper considers today’s fire safety regulation in regard to 
approaching fire safety of important societal functionality, and 
furthermore the needs of knowledge to cover such issues in a 
perspective of national safety and security. The paper includes 
the following parts: 

 Key outline of the Norwegian fire safety regulation 
system for building environments 

 Needs for enforcement of reinforced fire protection, 
with respect of national safety and security issues 

 Building fires as a threat to national safety and security 

 Vulnerability assessment of prescriptive solutions 

 Identification of principles for reinforced fire 
protection 

In the last part we look to interesting activities ongoing in 
other safety and security communities. The paper is limited to 
raising the issue fire safety in relation to national security, and 
it will not go into how national fire safety regulation could or 
should accommodate the issue. Nevertheless, the paper will 
approach different topics on reinforced fire protection in the 
light of national security, potentially as a starting point for 
further research focus. 

 

NORWEGIAN BUILDING FIRE SAFETY 

REGULATION 

 
Norwegian building fire safety designs are regulated by the 

“Norwegian regulations on technical requirements for building 
works” [1], where the guidelines [2] procure prescriptive 
solutions for conventional building designs. In addition, the 
regulation on fire prevention [3] regulates the operational phase 
of the building. 

The technical regulation [1] uses fire classes to categorise 
the impact consequence of fire; i.e. slight, moderate, serious 
and very serious impact by fire class 1,2 3, and 4 respectively. 
There are no prescriptive design solutions for fire class 4, and it 
is required that fire safety designs for this class need to be 
made by analysis. Prescriptive solutions of lower classes can 
only be used for fire class 4 if result of analysis concludes that 
this is satisfactory for such design. 

Fires which can threaten substantial societal interest are, 
according to the guidelines [2], examples of buildings 
designated for fire class 4. However, no further assistance is 
given on when fire class 4 should be used, nor on how fire 
protection should be enforced, or to what degree it should be 
reinforced. Thus, the building owner, the fire engineer and the 
municipality has no guidelines for enforcing and practicing the 
building regulations made by the central building authority in 
relation to special societal interests.  
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The authors are not aware of surveys that present use of 
reinforced fire protection for buildings in fire class 4 with focus 
on societal interests. Furthermore, we are not aware of any 
systematic use of fire class 4 to cover demands for national 
safety and security needs beyond what is implicitly covered by 
the prescriptive solutions. However, it is plausible that 
enforced fire protection is made in other ways than enforcing 
building fire design by fire class 4, e.g. by surveillance and 
security. Whether such an approach mainly is caused by 
individual improvisation for solving a need, is nonetheless a 
question of interest. 

Regardless, it seems to be little or poor knowledge about 
the potential benefits to societal or national interests from 
enforcement of reinforced building fire safety design to protect 
buildings with content or activities of special importance.  

From 2016 it was explicitly included in the regulation on 
fire prevention [3] that municipalities have responsibility of 
mapping probability of fire and consequences of fire with 
regard to life, health, environment and material values in the 
municipality. Focus of the regulation is primarily on life safety; 
however, with regard to “special fire objects” (“særskilte 
brannobjekter”) it also lists that risk of societal consequences 
should be included as a priority at fire safety inspections. 
However, the regulation lacks clear demand to cover societal 
consequences at a regional or national level, as it focuses on 
the local society, i.e. the municipality. 

 

FIRE PROTECTION NEEDS OF NATIONAL SAEFTY 

AND SECURITY ISSUES 

 
Prescriptive guidelines have been evolved to erect adequate 

control of societal fire risk. For instance, one of the early 
focuses was to avoid the city fires with huge societal 
consequences. Later contributions to the evolution have been to 
avoid building fires with high casualty numbers, which is seen 
as a severe consequence for the society, by ensuring sufficient 
available safe egress time with the fire design. Nevertheless, 
there will still be some sort of residual risk which can be 
aggregated on a societal level to express the level of fire safety. 
In Norway, three approaches on managing residual risk 
associated with buildings fires have been implemented by the 
authorities: 

 Inspections by local fire brigades: General inspections 
and an enforced inspection regime for buildings 
classified as special fire safety objects (“særskilte 
brannobjekter”) 

 Function and performance requirements for the 
capabilities of municipality fire brigades 

 Requirements on performing risk and vulnerability 
analyses at both municipality and county level 

The Norwegian government has divided the basic needs of 
population and society into three categories: Governability and 
sovereignty; Security of the population; and Societal 
functionality [4]. A severe fire event which might disrupt vital 
functions in society relates to the third category. 

Norway operates with risk and vulnerability analysis at 
three levels; municipality, county and nation. At the national 
level only the most extraordinary national events are analyzed, 
and no individual buildings, nor their function, are addressed 
with regard to fire. At county level the risk and vulnerability 
analysis does not address fire safety on the level of individual 
buildings, except for large accident potential in industry 
buildings in regard to massive direct damage to life, health, 
property and environment. The analysis at the municipal level 
might find need for reinforcing the fire protection of individual 
buildings. However, here the analysis process emphasize 
municipal needs and interests, while that of the region and 
nation, including key industry, might not be covered in the 
same way. Thus, there might be some limitations and 
presumptions on how well fire safety needs are covered with 
respect to societal safety and security issues. Another aspect 
which is striking with the municipal and county risk and 
vulnerability analysis documentation is the focus on public 
services like water and electricity supply, while crucial 
commodity deliveries by the private market is absent in the 
evaluation. Even though food supply is regarded a vital 
function in the society [4]. Furthermore, neither addresses 
continuity in critical deliveries in the private market. 

 

BUILDING FIRES AS A THREAT TO NATIONAL 

SAFETY AND SECURITY 

 
Delivery continuity of important supplies will be used as an 

example to address some of the issues this paper focuses on. In 
2017 there was a severe building fire in the Asko Øst 
warehouse at Vestby [5], a regional warehouse supplying the 
east of Norway with food for the grocery, service and business 
marked, and which belongs to one of the three major retailers 
in Norway. The severe fire resulted in loss of 9 000 m

2
, of a 

total 100 000 m
2
, and approximately 200 mill kr of values. 

Extensive firefighting efforts contained the fire within a fire 
section containing the freezer storage of the warehouse facility. 
Whether the Asko fire could have spread beyond the fire 
sectioning, if the firefighting had not been as extensive as it 
was, is somewhat unclear; however, with the fire load that was 
present it is not unlikely. In a summary of the fire [5] there is a 
short mentioning that the firefighting effort may have saved the 
rest of the facility. Design qualities of the freezer storage, and 
solar panels on the roof, complicated the firefighting efforts. 
Shortage of a few food products was noticed and discussed 
afterwards in the media for a week or two. 

The Asko fire did not cause any large consequences to 
societal functionality; however, it can be argued that this 
relates to the societal situation in which the fire took place. At 
the time of the fire Norway did not suffer any other constraints 
or stress. Supplies to replace the loss were easily available 
elsewhere, and as reported only a minor delay of maximum a 
couple of weeks where needed to fully reestablish the supply.  

Approaching national safety and security in the context of 
maintaining societal functionality includes however to plan for 
situations where society is under stress. For instance could a 
lower availability of supplies to replace what was lost make the 
repercussions of the fire more severe. It could also be that the 
nation is suffering hostility, e.g. blockade of access to supplies 
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or sabotage of supply chain. Fire can be used as a malicious act 
for a larger purpose, and properly directed this can cause large 
impact to societal functionality. For instance, different arms of 
the American government have highlighted the risk of fire 
being used as a weapon by terrorist groups, and they can point 
to specific threats and cases [6]. The issue of antagonistic fires 
have been further addressed by Nillson et al. [7]. By 
acknowledging the limited consideration of the building 
regulation outside the realm of life safety Nillson et al. 
proposed a working process of selecting and evaluating 
antagonistic fire scenarios. However, this working process was 
specifically aimed at multifunctional buildings. 

The Asko fire scenario is what could be denoted as 

“security of supply” or more precisely “the ability to 
guarantee the population’s access to food so that an 
approximately normal diet can be maintained”, part of the 
category Societal Functionality in [4]. Our preliminary findings 
indicate there might be missing governmental requirements to 
evaluate such fire scenarios in aspects of maintaining societal 
functionality, and for issues of national safety and security. In 
addition, we noticed that production chains concerning 
deliveries to industry and consumers were not a covered 
functionality in [4]. Thus, we question how fire scenarios 
beyond the prescriptive scenarios should be considered in the 
building fire safety design process, in a way that covers 
eventual national safety and security issues. 

An additional aspect to the Asko fire concern the use of fire 
classes. For building design, choice of fire class 4 shall cover 
the needs of national security, as implicitly included in 
substantial societal interests. Still, by following the guideline, 
warehouses, which belong to hazard class 1 or 2 and have one 
or two floors, categorize as fire class 1. When designing 
warehouses, the apparent huge difference between fire class 1 
and 4 becomes a practical oddity. The difference between 
substantial and non-substantial societal interest might be hard 
to decide without any guidelines. Furthermore, the fire safety 
designer has no clear mandate to consider increasing the fire 
class, and an enforcement of the societal fire safety is hardly in 
the interest of the builder. For the fire safety designer it will 
also be hard to warrant lifting the issue up and assessing the 
fire safety directly in view of the function based regulation for 
objects of which might have societal interest; without specific 
guidelines or prescriptive solution requirements to look to as 
reference there basically is no mandate for doing so. 

 

VULNERABILITY ASSESMENT OF PRESCRIPTIVE 

SOLUTIONS 
 
If the fire risk picture has not changed or only has minor 

differences from a familiar past, then the prescriptive solutions 
remain adequate. However, with changes to the risk picture an 
assessment of the vulnerability of the prescriptive solutions is 
needed. This can be outlined by using a SWOT approach 
identifying apparent strengths, weaknesses, opportunities and 
threats with the present prescriptive regulatory regime. 
Although SWOT traditionally has been applied as a tool for 
strategic management of companies in a competitive market 
perspective, the method also has wider applicability given the 
analysis objective is formulated appropriately. For a chosen 

objective the SWOT addresses the relevant internal strengths 
and weaknesses of the entity in focus, as well as the external 
exposure to opportunities and threats in the “market” or 
environment it operates. SWOT itself is merely a tool for 
identifying and summarizing relevant factors for the four 
categories, with the intension of creating a realization of what 
strengths which should be maintained and utilized for further 
gain, what weaknesses which should be improved upon, what 
opportunities which should be sought and leveraged, and what 
threats which should be avoided or minimalized. In the present 
paper the purpose of the SWOT has been to expand on the 
weaknesses and threats related to the prescriptive regime in the 
context of societal safety and security. A brainstorming 
approach was used to establish the SWOT in a perspective of 
assessing the societal safety “market value” of the current 
prescriptive regulatory regime given by the guidelines in [2]. 
The SWOT is given in Table 1. It is worth noting that threats 
and weaknesses should be seen in combination, i.e. when a 
threat aligns with a weakness there is reason for concern. The 
objective of the prescriptive regulatory regime is to establish a 
sufficient societal safety level; however, if there are threats 
which can find fitting weaknesses an insufficient safety level 
may exist unless the issue is acknowledged and accepted to be 
this way by the authorities.  

Table 1. SWOT overview of today's prescriptive regime in context of 

societal safety and security 

Strengths 

 Well-engineered and 

well-known solutions 

 Having incorporated 

experience from 

accidental fires  

 Life safety and 

evacuation and rescue 

 Traditional fire 

compartmentation design 

Opportunities 

 Easy approach to cover 

basic needs 

 Familiarity and 

predictability  

 Simple documentation 

and communication 

Weaknesses 

 Poor description of 

residual risks and 

vulnerabilities 

 Lack of guidelines for 

protection of societal 

functionality 

 When in need of non-

interruptible activities 

 Arson fires are not 

addressed 

Threats 

 More service reliant 

society with increased 

uncertainty related to 

residual risks, and/ or 

consequences 

 Unknown system 

performance to new 

emerging threat scenarios 

 Malicious intents / 

increased threat level 

 

IDENTIFICATION OF PRINCIPLES FOR 

ESTABLISHING REINFORCED FIRE PROTECTION 
 
There might be a need for guidelines to risk analysis 

covering national safety and security needs with respect to fire 
impact. The guidelines developed for ordinary building fire 
safety design is possibly too tuned to prescriptive fire scenarios 
directed at life safety and protection of material values.  
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In this regard approaches to national safety and security in 
other disciplines might be transferable to fire protection 
applications. For instance, vulnerability of different types of 
infrastructure can be assessed together with value of activity 
and presence of threats. Risk analysis methods which define 
risk as product of threat, vulnerability and consequence might 
be used; however, when dealing with intelligent malicious 
intents such an approach may lead to poor risk estimates [8]. 
Similar approaches, such as the three-factor model which is 
partially based on NS 5832 [9] (see discussion by Busmundrud 
et al. [10]), are used to enforce resilience according to 
considered scenarios characterized by values, vulnerability and 
threats. The scientific foundation for the three-factor model is 
criticized for being weak compared to the traditional risk 
definition where risk being the product of probability and 
consequence [10]. Nevertheless, this type of approach is used 
by governmental surveillance bodies that regularly establish 
“risk pictures”, i.e. information about threats to society, such as 
terror attacks. The information is made for organisations that 
are responsible for running vital functions in the society, i.e. 
governmental services, business enterprises etc. Examples of 
governmental surveillance bodies in Norway are the 
Norwegian Police Security Service (PST), which produce a 
yearly threat assessment, and the Norwegian Directorate for 
Civil Protection (DSB) which establish and analyse scenarios 
challenging national safety and security issues. 

Another effort these days is done by the Norwegian 
Ministry of Transport and Communications which is 
developing a method for assessing societal safety linked to 
transport system projects (road, rail, aviation and maritime). 
This method addresses and compares different design 
alternatives for the impact to three infrastructure performance 
capacities; robustness, redundancy and response time 
(emergency response). In this context, robustness is related to 
the ability of the infrastructure to withstand impact from events 
and maintain high availability. Redundancy relates to having 
alternative infrastructure in place to the infrastructure design 
solution under evaluation. Whereas response time relates to an 
assessment of how fast emergency response organizations can 
respond by using the infrastructure design solution. 

A somewhat similar focus, although specifically related to 
fire exposure and robustness, was addressed in Canada a few 
years ago. Instead of using the term robustness Mostafaei et al. 
[11] use the term resilience when addressing the capability of 
critical infrastructure to withstand extreme fires. A special 
focus was given bridges, a structure category identified as not 
typically having been designed for fire, thereby making them 
vulnerable to fire threats. Mostafaei et al. approached extreme 
fire as thermal exposure in line with a hydrocarbon fire. 

Resilience is a term which is often used to address these 
kinds of issues. Definitions and the use of the term resilience 
vary somewhat in the literature, although usually in line with a 
common core interpretation. Bergström et al. [12] give a nice 
overview of resilience in this regard. According to Bergström 
et al. resilience is often looked at in terms of a stress strain 
model where resilience is “the ability to regain a previous state 
following a disturbance”. On the other hand, a definition by 
Vugrin et al. [13] highlights an aspect of efficient recovery. 
The definition by Vurgin et al. is as follows: “Given the 

occurrence of a particular disruptive event (or set of events), 
the resilience of a system to that event (or events) is the ability 
to reduce efficiently both the magnitude and duration of the 
deviation from targeted system performance levels.”  

The society already has a certain level of resilience 
established; that is, it will strive to reestablish functions and 
performance after a disruptive event (or events). Nevertheless, 
todays existing degree of societal resilience may not be 
sufficient to avoid severely problematic loss of function or 
performance over a period of time. 

Key aspects of resilience are the level of system 
performance kept in the wake of a disruptive event and the 
duration of recovery. Often these aspects are presented in one 
form or the other close to that of Fel! Hittar inte 
referenskälla.. Basically a fairly resilient system should be 
able to handle much of the impact of the event and recover 
system performance rather fast, while a non-resilient system 
suffers a heavier blow from the event and require much longer 
time to recover. The objective of resilience is to maintain 
adequate system performance. 

 
Figure 1. Principle concept of resilience. Inspired by and adapted 

from [14] 

Francis and Bekera [15] state that “the ultimate goal of 
resilience is the continuity of normal system function”. This is 
an ideal aim; however, in times of crisis normal system 
function is unlikely to be maintained. What is important though 
is to strive to maintain performance above a certain minimum 
level as indicated in Fel! Hittar inte referenskälla., and to 
significantly limit the duration of a fall below this level. What 
exactly the minimum performance level is will vary depending 
on type of societal function and acceptance to level of low 
performance, in relation to duration and scenario 
circumstances. 
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Figure 2. Principle illustration of individual effect of each of the 

resilience capacities 

Another framework perspective to resilience focus on 
addressing absorptive, adaptive and restorative capacities [15]. 
Here, absorptive capacity is typically in the form of adverse 
event mitigation, with the aim of minimizing consequences, 
and can be linked to robustness and reliability. Adaptive 
capacity includes ability of anticipating disruptive events, 
having preparedness in place and being able of re-organizing at 
the occurrence of an adverse event. Finally, restorative capacity 
addresses the rapidity of return to normal performance. An 
attempt has been made in Fel! Hittar inte referenskälla. to 
put these resilience capacities into the concept of Fel! Hittar 
inte referenskälla.. 

Applying the resilience capacities to buildings with 
substantial societal functionality could typically be as follows: 

 Absorptive: Increase robustness, make fire 
development slower and less likely to take hold, 
increase surveillance and detection, and improve event 
response organization. 

 Adaptive: Having established alternative or extra 
capacity elsewhere in alternative buildings, and having 
planned for activation of this capacity when an event 
occurs. Includes reorganization and relocation of 
activities, routines and tasks. 

 Restorative: The building, the functionality and 
performance is designed to be easily and rapidly 
restored. 

 

CONCLUDING REMARKS 
 
Fire safety regulations have in the past been continuously 

evolving to cope with new knowledge of fires and experience 
with fire hazards and disasters. However, this far, there has not 
been much experience with the connection between fires and 
national safety and security. Still, with a more centralized and 
complexly organized service based society, e.g. dependent on a 
reliable access and supply of commodities, vulnerability may 
have increased. At the same time focus has increased on the 
notion that our societies may not be spared from conflicts as 
they have in the past. Furthermore the conflict scenarios in 
focus differ from the traditional ones, with the “new” ones 
including more non-declared hostilities with use of insurgents, 

sabotage, trade war and sanctions. In this context national 
safety and security needs might demand enforcement of 
reinforced fire protection to control residual risks which cause 
crucial vulnerabilities. The objective of the paper has been to 
consider fire protection for buildings with needs beyond the 
prescriptive regime, i.e. needs of enforced fire protection. The 
Norwegian building fire codes specifies that such needs should 
be covered by choosing fire class 4, but no guidance is given. 
The issue was considered by browsing consequences after a 
large fire in a regional warehouse where the potential loss of 
food supply was pointed out. 

Traces of responsibility for residual risk concerning society 
consequences from fire can be found in requirements for the 
local municipality, and to some extent on the county level. 
However, this is limited to conducting risk assessment of 
buildings and activities in a perspective of fire accidents which 
can threaten many lives, cause large material losses or damage 
to the environment or cultural heritage. No guidelines exist for 
considering building fire threats to regional or national societal 
functionality. A SWOT assessment of the current prescriptive 
regime revealed weaknesses which may become a serious issue 
if certain threats manifest themselves. Increasing the national 
safety and security might be done with enforced fire protection 
beyond that of the current prescriptive regime. Methods for 
reinforced safety and security for controlling national safety 
and security issues has been developed in other fields. Such 
methods are being developed for the national transportation 
system, and this paper has considered equivalent needs for 
buildings having importance for societal functionality. 
Approaching resilience thinking can be beneficial in this 
context.  

In conclusion there is need of further research on how 
national security shall cover vulnerabilities to fire hazards and 
threats in context of maintaining societal functionality. In 
addition, knowledge seems to be poor on how enforced 
building fire design can be a mean to contribute to national 
safety and security needs. Knowledge seems also to be lacking 
on potential vulnerabilities in building fire designs with respect 
to arson which intentionally could exploit such vulnerability to 
strike societal functionality.  
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ABSTRACT 

 

Safe At Home is a concept used in all fire departments in 

Norway, meaning the fire preventive measures that we 

strategically use toward so-called risk-exposed groups. Risk-

exposed groups include persons that statistically are more 

involved in fatal fires than the general population. Rogaland 

Fire and Rescue IKS started its project-based work with risk-

exposed groups in 2008-2009. RBR's core idea is to establish 

a network of collaborating partners aiming to enhance fire-

preventing services with the risk-exposed groups. This paper 

presents the work and the methodologies adopted for the Safe 

At Home programme. We claim that the Safe At Home work 

has reduced the risk of fire significantly, both at the society 

level and at the single risk-exposed individual level.  

 

BACKGROUND 

 

Between 80 and 90% of the fatalities from fires dies at 

home. Approximately 75% of these belongs to risk-exposed 

groups [1]. Risk-exposed groups are defined as: Elderly 

people (>70 years old), individuals with substance abuse 

and/or psychiatric diagnoses, refugees, asylum seekers, 

migrant workers, some immigrant groups and to some extent 

students [2]. Norway has a political goal to enable people to 

reside in their houses as long as possible. The increasing 

number of elderly people implies that the Norwegian society 

faces increasing medical and psychosocial challenges for 

inhabitants living in their homes.  Thus, in a fire safety 

perspective it becomes natural to direct both focus and 

resources towards these groups.  

The Norwegian Official Report 2012:4 "Safe At Home - 

Fire safety for risk-exposed groups" [2], changed the national 

focus on fire prevention. Whereas the fire departments up to 

this point focused on inspection of so-called "special risk 

objects", i.e. buildings with high probability of numerous 

casualties as well as considerable material damage in case of 

fire, the services should now gradually shift the resources 

towards risk-exposed households. Enforcing the new 

regulation on fire prevention January 2016 [3], this new way 

of managing the resources in fire departments quickly became 

the new standard. The municipalities were now instructed to 

map risk-exposed groups, as well as develop and implement 

actions to reduce the risk. 

Rogaland Fire and Rescue IKS (RBR – owned by 10 

municipalities) was early involved in working with risk-

exposed groups. RBR maintains both the resources and the 

needed motivation to prioritize the fire preventive work 

towards these groups. Being in the forefront RBR has acquired 

valuable experience in the field, and the fire department has 

received many requests from other fire departments for 

knowledge-transfer. RBR has also established strong 

cooperative relationships with a large number of departments 

and organizations. 

Safe At Home and fire safety for risk-exposed groups are 

today well-established expressions for all fire departments and 

related academic communities. This is also a recurrent topic of 

discussion in different forums. Several fire departments have 

come a long way with their work on this matter.  

 

HISTORY AND ORGANIZING 

 
RBR started working strategically with risk-exposed 

groups during the period of 2008-2009. In 2008, two large fire 

accidents occurred in Norway killing several migrant workers. 

This sparked a new kind of awareness both in the public and 

in all the fire departments. Following this, RBR participated in 

"The Elderly Project" initiated by the Norwegian Association 

of Fire Officers (NBLF), aiming to establish cooperation with 

home care services for fire prevention among risk-exposed 

groups. Working with risk-exposed groups quickly became 

part of the RBR’s daily operation, and soon the Safe At Home 

workgroup became established. RBR selected a designated 

technical adviser in charge of the agenda.  

Today the Safe At Home workgroup consists of nine 

persons from different divisions within the department, 

containing fire inspectors, firefighters, chimneysweepers and 

persons from the dispatch center. Although the workgroup 

formally consists of these nine persons, working towards the 

risk-exposed groups is now part of the agenda for the 

organization as a whole.  

The Safe At Home workgroup summons several times per 

year to settle the agenda and future plans. The specific tasks of 

the group are both network based and by each representative 

having their own specific responsibilities. Such 
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responsibilities could be follow-ups on refugees or students, or 

coordinating reported concerns.  

 

METHODOLOGY 

 

The methodology has emerged throughout the years, and it 

still develops. RBR’s core idea is to reach out to the risk-

exposed groups by making collaborating partners good fire 

preventing services. This is achieved by creating and 

strengthening interacting relations with personnel that on a 

daily basis work with the risk-exposed groups in their homes, 

such as the municipal home care service, the substance abuse 

treatment providers, the help for refugees etc. Dialogue 

meetings and cooperation arenas are established, and workers 

in the Safe At Home group annually spend 1-2 weeks in each 

municipality in its region. The major activities are visiting 

homes and lecturing (both clients and employees in 

collaborating agencies). During these weeks RBR performs 

concrete traditional fire preventive work at the end-users’ 

residents, RBR gains increased knowledge and competence as 

well as their collaborating parties do, and networking which 

open up for informal and formal contacts in-between the 

involved personnel including the end-users. For example, the 

work has increased the trust and mutual understanding 

between drug addicts and the Safe At Home group. 

Individuals from this group contact RBR on their own 

initiative and people are well acquainted. This eases RBR’s 

choices of supervision and fire prevention strategies.   

In parallel, the actors cooperate with notes of concern. 

Duty of confidentiality is no more a major barrier for 

information and experience transfer between the health and 

fire services. In this work, other non-municipal agencies are 

involved, such as the Police, the Norwegian Labor and 

Welfare Administration, the Norwegian Tax Administration, 

the Norwegian Food Safety Authority, the National Public 

Roads Administration and the Labor Inspection Authority. 

RBR’s experiences from this collaboration are concrete fire 

preventive measures at the risk-exposed groups, open lines to 

personnel with mutual concerns with the risk-exposed groups, 

and a holistic understanding of individuals’ and entire group’s 

challenges in their living conditions. Information flows and 

collaboration initiatives comes from all directions and it is 

easy to work in the field.  The collaboration between the fire 

prevention department and the fire response department has 

also lowered the threshold to communicate concerns and 

observations regarding hazardous conditions for the risk-

exposed groups. 

 

A. Home visits 

A home visit is, strictly speaking, an informal visit where 

the fire department offers a fire inspection of the home itself. 

The inspection might lead to a list of recommendations for 

further improvements regarding fire preventive and technical 

issues that the resident or his/her next of kin will be 

responsible for carrying out. If several serious issues are 

revealed during a home visit, the issues could lead to a 

reported concern that requires a more thorough and strict 

follow-up from the fire department.  

Home visits are recommended as one of the main measures 

offered to the risk-exposed groups, both in the Norwegian 

Official Report "Safe At Home" as well as in other written 

guidelines and reports from The Norwegian Directorate for 

Civil Protection (DSB). This is also a main strategy for several 

international fire departments that have excelled in their work 

with fire prevention for risk-exposed groups. Liverpool's 

Merseyside Fire and Rescue Service and the Swedish 

Räddningstjänsten Syd as part of the Malmö municipality, 

have gained international attention for their work on this 

matter.  

The main reason for doing home visits is that the 

combination of both direct and individually adapted 

information and education has proved to be the most efficient 

and rewarding tool in the programme. Being able to 

communicate and following up individuals in their own 

contexts, based on their own psychological, sociological and 

cultural premises is a vital quality. The members of the 

programme have acquired competence through experience 

with the groups and continuous adaptation. These 

characteristics are developed through discussions in the 

network’s experience-transfer activities. 

Naturally, RBR use home visits extensively. However, this 

requires many resources. To design home visit activities that 

target risk-exposed groups needs careful planning. In 2017, 

RBR carried out approximately 800 home visits. Even though 

the public outside risk-exposed groups also receive home 

visits, the main portion was in 2017 related to the risk-exposed 

groups. The fire fighters will also do systematic home visits.  

 

B. Education 

RBR offers teaching activities both directed at the care 

receivers and at the people working in home care services. The 

fruitful cooperation started with RBR educating fire 

prevention strategies to those workers that visited risk-exposed 

groups in their homes. The home care services are an 

invaluable resource for RBR since they represent the only 

municipal service that regularly see the inside of the risk-

exposed households. They possess firsthand knowledge about 

fire risks and they are able to understand all parts of the “local 

systems” encompassing the individuals, surroundings and 

living practices.  

They are also able to perform simple fire preventive work. 

An important point to bear in mind is that statistically more 

than 50% of people killed in fires receive some kind of 

municipal welfare services. Today, each municipality has a 

standing offer from the Safe At Home workgroup to receive 

teaching on fire prevention. This means that they can order an 

educational program for those who work in home care services 

and other social services working with refugees, drug addicts 

and others. The educational program focuses on how to assess 

fire risks and hazards in the homes they visit during their 

work. RBR also emphasizes the relevant measures to be taken 
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and provides examples of conditions that the RBR wants 

reported back to the fire department. This is an important 

measure considering capacity development and planning 

cooperation activities.  

 

C. Secondment 

Both home visits and education are permanent services 

that RBR offers to those who are interested. Since 2014 RBR 

has also been working together with its municipalities. A fire 

inspector is at service for each municipality in a 1-2 weeks 

period every year. The fire inspector is flexible and responds 

to emerging needs for fire prevention activities towards risk-

exposed groups in the specific municipality. These 

arrangements have been ongoing in five years’ time and the 

municipalities express huge satisfaction.  

However, this is also resource demanding, but the outcome 

is rewarding. RBR obtain massive fire preventive work 

delivered, primarily through home visits and education, while 

being alongside the people who work in health care services 

and social services. It has proven very beneficial. The 

mapping and registration of risk-exposed groups is carried out 

with firsthand knowledge available through the available 

home care workers. However, the most important results from 

the secondment are probably improved cooperation conditions 

and generally enhanced awareness to fire safety issues.  

Secondment is now a well-established practice in RBR’s 

area (ten municipalities). The municipalities both expect and 

actively use this service. The tone is informal and the 

networking lowers thresholds and reluctance to act and take 

responsibilities. There is also a noticeable change in the way 

health care services talk about fire prevention among the risk 

exposed groups. Earlier on, there was palpable skepticism and 

direct resistance towards fire prevention responsibilities. 

Nowadays there is no discussion whether they have a 

responsibility, the discussion now challenges where the line is 

to be drawn for their responsibilities.  

 
D. Dialogue meetings 

Considering that secondments are usually carried out 

during springtime, the RBR also arrange dialogue meetings in 

all municipalities in the autumns. Thus, RBR has established 

two yearly meeting points where the topic is fire safety for 

risk-exposed groups. The dialogue meetings initiated by the 

RBR is organized with essential participants based on their 

connections with the risk-exposed groups. These are primarily 

leaders within the health care services and social services, but 

not from health facilities and care centers. A dialogue meeting 

is based on a recap of which fire preventive measures have 

been carried out for the risk-exposed groups since last time 

RBR was in contact with them, while also planning ahead. 

Furthermore the meeting provides updated information and 

inspiration, as well as maintain focus on the important matters 

relating to our work.  

 

E. Rooting 

The Norwegian Directorate for Civil Protection (DSB) 

advocates fire departments to embed the fire prevention work 

towards risk-exposed groups within the municipal 

administrations’ routines. RBR has managed to do so in all of 

the 10 municipalities in its county. RBR strongly believes that 

cooperation across services is further strengthened if there is a 

clear mandate present, both politically and administratively in 

each municipality. A mutual understanding that fire safety 

consists of shared concerns and responsibilities is crucial, 

independent of the administrative level considered.  

The principles for the work are firstly to obtain 

collaboration between municipal services and the RBR, 

secondly that this collaboration will provide mapping of risk-

exposed groups, and thirdly establishment and follow-ups of 

fire preventive measures towards these groups. A formal 

rooting of these principles is paramount for success. RBR still 

encounter some skepticism or hesitation towards taking on 

responsibility for fire safety at the risk-exposed groups. Eight 

municipalities signed the formal agreement in 2017 and the 

last two signed in 2018. Thus, embedding the Safe At Home 

work in municipal administrations is still a new concept 

without formal evaluations of the system. The experiences so 

far are promising, maintaining a sharpened focus amongst the 

participants.  

 
F. Media 

RBR’s goal is to use media in general fire preventive 

work, and to publish the contents of the Safe At Home 

workgroup. RBR gives press releases prior to events that the 

RBR considers relevant, i.e. secondments. However, it is 

difficult to promote fire preventive work, the public is hard to 

provoke, especially when the topic is fire safety amongst risk-

exposed groups. The RBR have had considerable press 

coverage that has reached a large audience, even nationally. 

During the autumn of 2017, Stavanger Aftenblad (the 

regional newspaper), published an in-depth journalistic study 

(loosely translated) "When All Unravels". The study presented 

conditions for the many persons in Norway who both suffer 

from substance abuse and psychiatric illness. These people are 

difficult to locate and help. In the international academic 

communities this population is often labelled "Hard to reach - 

hard to treat" [4]. These people struggle with much more than 

fire hazards. Their existence contains severe health issues and 

they perceive a very low quality of life. A main challenge here 

is that these unfortunate persons are constantly on the move 

between different parts of the health care system.  

Even though the main challenges are directly related to 

health issues, the fire departments also need to follow up these 

groups. RBR simply cannot just install a smoke alarm and 

leave a person in despair and need for help. The fire 

departments are obliged to do more and RBR’s goal is to keep 

in touch with individuals on the edge until more satisfactorily 

circumstances are achieved. 
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Another arrangement that has caught the interest of the 

media is RBR's yearly event aimed at street traders of the 

magazine "Gatemagasinet Asfalt". These are people that suffer 

or have suffered from severe substance abuse and that 

currently are in difficult life situations. Each year RBR creates 

some measures. For example, the RBR has handed these 

individuals smoke alarms and CPR face shields, as well as 

teaching them CPR. The risk-exposed group has participated 

in fire evacuation drills and fire extinguishing activities, which 

has also significant social dimensions. The events coincides 

with RBR’s annual door-to-door campaign that is carried out 

around Christmas time. This event provides valuable media 

coverage on fire safety at home for the local public as well. It 

breaks down the barriers between professionals working in the 

fire departments and the group of people that we meet in their 

homes.  

 
G. Cooperation 

A single word that sums up what is truly needed in our 

work towards risk-exposed groups is cooperation. This can be 

applied both to what RBR do internally in the department, as 

well as the work externally towards other government and 

non-government agencies. Within RBR the cooperative work 

with risk-exposed groups has grown strong during the last 

years. The around the clock firefighter division is a highly 

valuable resource in this work. The firefighters have 

developed a greater holistic awareness to Safe At Home issues 

and they report important observations during time at work. 

The chimney-sweepers also perform important tasks when it 

comes to identifying, reporting and handling situations that 

represent a fire safety concern.  

To be able to reach the risk-exposed groups, the fire 

departments have to make others excel in fire prevention 

activities. This complies with the guidelines to the regulations 

on fire prevention [5]. RBR’s methods of work focus strongly 

on establishing and strengthening the relations and 

cooperation activities with those who daily encounter and 

work with risk-exposed groups in their homes. RBR creates 

arenas for cooperation and tries to maintain continuity by, for 

example, hosting dialogue meetings and arranging 

secondments.  

We emphasize that the cooperation must be kept in an 

informal and uncomplicated way. Simple methods and direct 

communication are sought instead of formal letters and 

bureaucratic approaches. Police departments, The Norwegian 

Labour Inspection Authority, The Norwegian Food Safety 

Authority, municipal and county medical services, building 

officials and Norwegian Public Roads Administration, are all 

amongst others good examples of divisions, administrations 

and government agencies that the RBR cooperate with in Safe-

At-Home activities.  

 

H. Reported concerns 

Follow-ups on reported concerns have become tasks that 

now demands larger portions of resources. The reason for this 

is that the number of reported concerns has continued to grow 

over the years. This is a positive trend. Our interpretations of 

the reasons for this is our emphasis on taking reported 

concerns seriously and acting upon the reported concerns. 

RBR have developed well-founded strategies and tools for the 

response to reported concerns addressing the comprehensive 

cooperative network. 

 

SUCCESS CRITERIA 

 

Since 2013, RBR has appointed a designated coordinator 

for reported concerns. It is a full time job for one employee. 

Reported concerns varies a lot from worries about possible 

lack of smoke detectors in student apartments to concerns 

about living facilities for drug addicts. The coordinator 

receives the reported concerns, he delegates tasks, he educates 

other fire inspectors to manage reported concerns and he 

participates in implementing necessary measures. Considering 

what these concerns usually reflect, there is a large spectrum 

to keep the Safe At Home work group busy. The simplest 

concerns can be handled over the phone, by delegating the 

necessary tasks to other government agencies or authorities, or 

by visiting homes of concern more regularly. Concerns that 

are more complex demand closer follow-up from RBR. In 

very serious cases RBR are very dependent on working 

closely with others, such as the police, health care services, the 

rehabilitation units and others.  

The uttermost difficult cases are those which provide 

dilemmas, such as those "Hard to reach - hard to treat". These 

people often live under extreme conditions, and they often do 

not even want help. Balancing autonomy and the right to 

personal freedom and privacy, with the need to interfere to 

protect a person's home and surroundings both for 

himself/herself as well as third parties, is extremely 

challenging.  

Based on the coordinator’s comprehensive experience in 

this field, he developed a set of success criteria: 

 
1) Feedback  

Feedback should always be given to the person reporting a 

concern in order to provide evidence that their concern is 

taken seriously. This strengthens the motivation for further 

reporting of concerns.  

 

2) Keeping predictability 

The persons affected by the reported concern will get a 

dedicated contact person from the fire department. This 

applies both to the reported person and to his or her next of 

kin. Extreme cases (hard to reach – hard to treat) are in special 

need of this kind of predictability and continuity.  

 

3) The Yes List 

Compile a list of telephone numbers and email addresses for 

personnel that appear to be easy to work with. Aim to keep 

cooperation on an informal and easy-to-understand level! 
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4) Be available and service minded 

Being available is all about showing with words and deeds 

that the RBR can be reached in an easy and uncomplicated 

manner. The personnel is on call 24/7. 

 

5) We are all in this together 

Investigate and adopt the toolboxes of other departments, 

divisions and government agencies. Exploring new approaches 

and activities are important features. 

 

6) Be solution minded 

Use all available instruments and resources, while at the same 

time try to think outside the box. For instance, RBR produces 

reports called "task lists" that points out what must be done, 

instead of presenting a list of requirements. These task lists are 

presented in a formal manner, while at the same time 

circumventing the Public Administration Act. Experience 

shows that this takes us a long way. If task lists are ignored, 

the RBR will then be able to enforce the needed measures. 

The Public Administration Act will then also be effective. 

 

7) Keep on trying 

To keep on trying and not accepting a "no" for an answer, is a 

crucial point. Several reported concerns have ended up being 

handled successfully because of fire inspectors insisting to 

knock on the same door on numerous occasions until the 

person living there decide to accept the help offered. 

A minor portion of the risk-exposed persons live in 

serious danger. They might be difficult to identify and find, 

and they are difficult to reach with aiding services. Their 

complicated situations comprise much more than risk of fire. 

Continuous cross-sectoral follow-up activities involving the 

end-users and their next of kin are important. On several 

occasions RBR register that human beings living under 

extreme conditions have been able to change behaviours. We 

think that the combination of trust and positive view on us as 

an authority has played major roles. We are also persevering 

and problem solving minded not accepting no for an answer. 

 

8) Push the limits 

Client confidentiality has sometimes hindered us from being 

able to help people. In other cases, however, inspectors have 

dared to push the limits and to challenge conventions and 

established practice, and as a result, barriers have been teared 

down. RBR often meet persons and residents that we as a 

public service simply cannot leave without providing the 

necessary assistance and help. Topor and Denhov [6] have 

interviewed 58 persons diagnosed with serious mental health 

issues. Their aim with the study was to analyze which specific 

actions performed by the caregivers that the clients themselves 

found effective. The conclusion was "going beyond rules and 

roles", meaning stepping outside of the formal and established 

rules and roles of our profession. This could imply simple 

things like the professionals taking the time to listen, ask 

questions or by simply doing what is considered normal 

human interaction. Paradoxically, these are things often not 

commonly or intuitively thought of when operating within the 

professional role
1
.  

 

The RBR-coordinator has used similar "techniques", which 

has successfully resulted in being able to help those previously 

refusing to be helped. Alternative methods like these have 

become an integral and accepted part of our toolbox. 

 

9) Empathy 

This is perhaps the most important issue and at the same time 

it is closely related to "going beyond rules and roles". It is all 

about looking beyond the diagnosis, asking questions, and 

being a good listener, being a friend and a fellow human 

being. Søren Kierkegaard [7] said that to succeed in guiding a 

person to a certain place, one must begin by identifying his 

starting point. 

 

10) Get started 

In the academic communities working with fire prevention, 

there has been a special focus on establishing principles and 

fundamentals of working with risk-exposed groups. RBR has 

however experienced that getting started is quite easy. Start 

where you are. Be the one who takes the initiative and be in 

touch with those you want to reach. Let the principles and 

fundamentals come second.  

 

CONCLUSION 

 

Rogaland Fire and Rescue started its project-based work 

with risk-exposed groups in 2008-2009. The government 

report; Safe at home (NoU 2012:4) published in 2012 

confirmed that RBR’s work had been in the forefront. RBR is 

now in the operational phase with its Safe At Home group. 

The regulation on fire prevention [3] from 2016 enforces 

Norwegian municipalities to work with these groups, which 

further enhanced RBR’s work and facilitated the cross-

sectional and multi-disciplinary collaboration. The work 

shows that cooperation is the key to success in this field. 

Summed up, both money and resources are dedicated to the 

Safe At Home workgroup. Designated persons work with the 

specific tasks. The management has officially made this work 

a priority. This gives us a large amount of freedom and 

support to carry out and prioritize the ways RBR think are the 

most efficient measures for fire prevention amongst the risk-

exposed groups. 

RBR’s goal is that no one shall die or become seriously 

injured from fires. Since 1979 the annually average number of 

deaths from fires has been 64 in Norway. The last few years 

however, this number has become significantly reduced. In 

2016, 39 persons died from fires and in 2017 - 26. The fact 

that four out of the last six years show a record low number of 

                                                           
1
 The clients also reported that they have been lent change money by the care 

giver or professional. They were given flowers and sometimes received help 

with normal, daily tasks. In other instances, the professional shared personal 

details from his or her life or both parts discovered they had common 
interests. 
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fire fatalities, could be explained by the fire preventive work 

being on the right track. Considering that there has been a 

common focus on fire prevention in homes and towards risk-

exposed groups, these numbers are very inspiring.  

The numbers of fire deaths in the RBR-area are currently 

so low that it is difficult to make conclusions based only on 

local statistics. The performance of the fire preventive work is 

very difficult to express and measure with precision. We claim 

that the Safe At Home work has reduced the risk of fire 

significantly, both at the society level and at the single risk-

exposed individual level. The fire statistics also show a 

positive trend. The national and international numbers are 

clear on which categories of individuals who die from fires. 

RBR work strategically towards these groups. For RBR, the 

Safe at Home work has provided models, knowledge and 

competence to organize and dimension the fire and rescue 

services. It is a real life laboratory, in which we critically 

examine our effort to further develop and improve fire safety. 
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ABSTRACT 

 
Road tunnels are important elements in the Norwegian 

communication infrastructure. According to the Norwegian 
Public Roads Administration (NPRA) “the risk is low, but the 
accident potential is high”. Hence, efficient emergency 
response is key to prevent major injuries and losses in tunnel 
fires. Our general concern in this paper is to what degree we 
are prepared, and by which means we can be prepared for a 
major fire in a single tube road tunnel. Successful emergency 
response to tunnel fires is dependent on many actors 
collaborating under serious time constraints. Safety becomes a 
matter of maintaining the critical processes necessary to keep 
the system in a safe state. Efficient decision-making in 
situations of major uncertainty is essential to achieve safety 
goals. This essentially means that efficient emergency 
preparedness to road tunnels is a matter that needs resolving in 
the design, construction and normal operation phases. To 
achieve high-performance emergency preparedness to tunnel 
fires, there is a need for radical changes to designing and 
operating tunnels. In this paper, we claim that a system-
theoretic approach is appropriate to deal with the tunnel 
system’s complexity and drive the design of appropriate 
control structures for critical processes from the design phase 
to the actual emergency. 

 

BACKGROUND 
 
Road tunnels are important elements in the Norwegian 

communication infrastructure. Some tunnels are urban, 
complex traffic machines facilitating heavy traffic. A 
significant number of tunnels are low standard and low traffic 
tunnels, located miles away from poorly equipped voluntary 
fire departments. Tunnels imply potentials for major accidents, 
calling for professional emergency response arrangements. 
Every year Norway experience about 20 fires in its 1150 road 
tunnels. The Norwegian Public Roads Administration (NPRA) 
bases risk on the historical frequency of fatal traffic accidents, 
often claiming; “the risk is low, but the accident potential is 
high”. It is true that Norway has not yet experienced many 
deaths in road tunnel fires. However, there have been 5-6 

severe incidents the past decade, to which it is easy to portray 
disastrous scenarios exposing many people to a deadly fire.  

 

Emergency preapredness 

Emergency preparedness are all technical, operational and 
organizational measures that prevent a dangerous situation that 
has occurred from developing into an accidental event, or 
which prevent or reduce the harmful effects of accidental 
events that have occurred [1].  

November 2016, the NPRA issued a new version of 
Handbook N500 Road Tunnels [2]. This version introduces the 
concept of emergency preparedness as a part of the safety 
management of Norwegian road tunnels. An emergency 
preparedness analysis are now required for tunnels > 1,000 
meters. The emergency preparedness analysis must cover the 
phases from alert, mobilization, rescue, evacuation and 
normalization. There is, however, no mentioning of the 
important phases of detection and combat, which are natural 
parts of an emergency preparedness analysis [1].  

Although it is required that road tunnels are to be designed 
based on risk assessments and emergency preparedness 
analyses, a major problem is that none has described acceptable 
risk levels or specific requirements to emergency preparedness. 
As a quality assurance measure, N500 require the Norwegian 
Public Roads Directorate to approve the method chosen for risk 
and emergency preparedness analyses. This practice may 
prevent sub-quality analyses. However, as selection of methods 
for risk and preparedness analyses depends upon the scope of 
the analyses and available data, the practice impose major 
competency requirements on those who shall approve the 
methodological design.  

 

Performance - a systemic issue 

In this paper, we adopt our proposed framework [3] for 
assessing emergency response strategies to fire in a single tube 
road tunnel. Our study holds a Norwegian perspective 
concerning road tunnel standard, safety regulations, 
dimensioning of emergency response and its organization, 
climate and other frame conditions. We have selected a 
Norwegian single-tube road tunnel as an object for case 
studies. 
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When the performance of the evacuation system is part of 
the risk and preparedness analysis, the development of 
dimensioning events is crucial. This includes specifying the 
competency and state of the road-users, the number of road-
users involved, fire scenario and emergency response actions. 
Simulating the fire scenarios is an important part of the 
analyses, which will lead to exposure of the road-users and 
demonstrate that, e.g. emergency shelters need to be installed 
and used.  

Our general concern is to what degree we are prepared, and 
by which means we can be prepared for a major fire in a single 
tube road tunnel. Are Norwegian tunnels designed and 
equipped to allow for efficient self-evacuation? Are 
responsibilities related to emergency preparedness sufficiently 
clarified? Are Norwegian tunnel-users familiar with emergency 
response strategies? Are there weaknesses in the operational 
safety management organization? Finally, is the predominant 
Norwegian strategy for emergency response to fires in single 
tube road tunnels appropriate to facilitate the best chances of 
saving lives? 

We discuss the application of systems thinking for 
emergency preparedness analyses for road tunnels, which 
emphasizes consequences and associated uncertainties. 
Systems thinking may serve as a complement to risk-based 
thinking. The systems-oriented approach emphasizes the 
description of the system, the development of dimensioning 
scenarios and identification of the necessary safety constraints 
in order to keep the system in a safe state. So instead of looking 
for probabilities, uncertainties and adverse events we look for 
road-users’ and emergency services’ performances to ensure 
that safety is controlled for the tunnel system.  

We address the development of safety constraints from the 
use of fire investigations and we discuss how to put such 
constraints into action. Adopting this approach to the N500 
regulation will introduce major changes to existing compliance 
based road safety management practices, but it will also embed 
the increased weight on tunnel’s emergency preparedness 
system into practical administration work. 

 

PROBLEM FORMULATION 

 
According to Leveson [4], accidents are products of 

inadequate control or enforcement of safety-related constraints 
on the development, design, and operation of the system. 
Safety is a control problem. Accidents may occur due to 1) 
failure to identify hazards and safety constraints, 2) failure to 
maintain the safety constraints, 3) inconsistency between 
process behavior and process models, and 4) lack of system 
state feedback in order to update process models.  

 
Figure 1. General control loop 

The control actions must take place in a complex and 
dynamic socio-technical system. A fire situation in a road 
tunnel involves many actors, whose individual actions, and 
interaction with others, will determine the outcome of the 
incident. Leveson claims that accidents occur because the 
controller has not enforced the safety constraints, or that 
appropriate control actions has not been followed. In a previous 
paper [3] we have outlined a framework for fire safety design 
from a systems theoretic perspective.  

When a fire occurs in a road tunnel, the predominant 
strategy is to start the longitudinal fire ventilation. Wind 
direction is usually predetermined based on the location of the 
most resourceful local fire department. Wind direction from 
this location allows the fire department to enter the tunnel with 
the wind in their back. This allows for safe advancing towards 
the fire and improves conditions for effective firefighting. We 
question this strategy for single tube road tunnels. Our main 
concern has been to study the consequences of unconditionally 
prioritizing safe firefighting conditions over other concerns, 
such as life safety conditions for road-users within the tunnel. 
This kind of ventilation management has the potential of 
exposing many people to harmful conditions, and thereby 
worsening the situation for the involved.  

 

MAJOR NORWEGIAN TUNNEL FIRES 

 
This section include findings from investigations after some 

major Norwegian tunnel fires during the past decade. These 
narratives serves as a reminder of what fire scenarios we might 
expect in the future and illuminate variations in critical factors. 
Hence, it implies what loads we may expect a fire to impose on 
the emergency response system, including the tunnel 
construction and its technical safety systems, the drivers and 
passengers and the emergency responders (fire, police 
ambulance, Norwegian public road administration, 
municipalities, hospitals and so on). None was killed in the 
presented fires, but international tunnel fires, such as the Mont 
Blanc, the St.Gotthard and the Tauern fires remind us on the 
extent and devastating impact. However, for the Norwegian 
fires it is easy to portray alternative circumstances that may 
have led to several fatalities.  

 

Oslofjord 1 (March 29, 2011) 

A fire started in a Polish lorry loaded with 30 tons of paper 
rolls. The fire occurred near the low point of the tunnel, and 
from the video camera, the operator saw flames coming out 
from one of the lorry’s wheel areas. The driver reported that he 
tried to put out the fire using extinguishers placed in the tunnel, 
but he did not manage to control the fire. In accordance with 
the emergency preparedness plan, longitudinal fire ventilation 
was activated, all lights were turned on and the tunnel was 
closed with red lights and gates. After the fire, it was reported 
that several vehicles passed the fire and that several vehicles 
ignored the red signal and gate/barrier. Four persons was 
treated in hospital while medical personnel on site checked two 
persons for injuries. 
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Oslofjord 2 (June 23, 2011) 

The fire started in a Polish lorry during the uphill drive 
from the low point towards Drøbak. The fire started in the 
vehicle’s engine. The driver tried to put out the fire, but was 
not able to control it, and had to evacuate by foot 1.7 km 
towards Drøbak. The lorry was carrying about 23 tons of waste 
paper, and the heat release rate is calculated to about 70-90 
MW. In accordance with the emergency preparedness plan, 
longitudinal fire ventilation was activated with a pre-
determined direction from Drøbak to Røyken (from East to 
West). Consequently, 5.5 km of the tunnel was filled with 
smoke. Immediately upon arrival, the fire department started 
extinguishing the fire. After about 45 minutes and spending 20-
30 m

3
 water, the fire was extinguished. When the fire started, 

34 persons was in the tunnel. 25 managed to evacuate without 
assistance. Emergency personnel assisted 9 persons, of which 8 
had sought refuge in SOS stations and later managed to enter 
the space between the concrete tunnel lining and the rock. 32 
people were treated in hospital. 

 

Gudvanga 1 (August 5, 2013) 

A fire started in a Polish lorry. The lorry had unloaded in 
Bergen and was not carrying any cargo on its way towards 
Malmö. After driving some 6 km into the 11.4 km Gudvanga 
tunnel, the driver became aware that he lost engine power. He 
stopped the vehicle after continuing 2 km further into the 
tunnel. Consequently, the vehicle was located about 3.5 km 
from the Aurland (east) portal. The fire started in the engine 
and the driver tried to put it out using his 6 kg fire extinguisher 
from the vehicle. This was not sufficient and the fire grew 
rapidly until it flashed over after about 20 minutes. 
Calculations show that the heat release rate was in the area 25-
45 MW. In accordance with the emergency preparedness plan, 
longitudinal fire ventilation was activated with a pre-
determined direction from Aurland to Gudvangen. 
Consequently, smoke filled 8.5 km of the tunnel. Smoke spread 
obstructed 15 vehicles and 67 people that the fire department 
later rescued. 28 people was treated in hospital, from which 5 
and 23 was classified with very serious and serious injuries 
respectively. 

 

Gudvanga 2 (August 11, 2015) 

A fire started in a tourist bus containing 32 Chinese 
passengers driving from Flåm towards Gudvangen. The bus 
driver had noticed a loss of engine power while driving through 
the preceding Flenja tunnel, but continued into the Gudvanga 
tunnel as he retrieved the engine power. However, 360 meters 
into the Gudvanga tunnel, he saw flames in his left side mirror. 
The automatic fire extinguishing system in the bus’ engine 
compartment activated and signals showed up on the 
dashboard. The driver evacuated passengers, and had them 
placed into a passing empty van. The van transported the 
passengers to safety on the Gudvanga side. The bus driver tried 
to put out the fire using a fire extinguisher, but the fire 
continued and grew to an estimated heat release rate of 30 
MW. He then called the emergency number, which again 
activated triple alert. Tunnel operators (VTS) closed the tunnels 
using red signals and gates. The fire department requested VTS 
to await activation of the longitudinal fire ventilation, but 

ventilation activated automatically towards Gudvangen when 
the bus driver removed a fire extinguisher from the tunnel wall. 
This led to a change in the initial ventilation direction and to 
transport of smoke 11 km towards Gudvangen. 19 vehicles 
managed to turn around and drive out of the tunnel. Five 
people in three vehicles was trapped. Instructed by emergency 
responders over mobile phones, none of the five left their 
vehicles. After receiving information about trapped people, the 
emergency responders ordered a change in the ventilation 
direction. The five people in the tunnel was found by smoke 
divers from Voss fire department after ca. 1.5 hours, and was 
transported to hospital for treatment of smoke injuries.  

 

Skatestraum (July 15, 2015) 

On July 15, 2015, a Norwegian heavy goods vehicle that 
consisted of a truck and trailer, loaded with 19,000 and 16,500 
liters of petrol respectively, drove through the Skatestraum 
tunnel from Måløy towards Florø. About 450 meters after 
starting the uphill drive from the lowest point of the tunnel, the 
trailer broke loose from the truck and the front right-hand 
corner hit the tunnel wall. The impact made a hole in the front 
tank chamber and the petrol it contained ran out. The tunnel 
operators received a message that petrol was leaking and 
closed the tunnel. The petrol ran towards the low point, and 
eventually caught fire. The fire then spread upwards from the 
low point to the east portal, a distance of about 900 meters. 
Calculations show that the heat release rate may have been 
above 400 MW during the initial phase of the fire, when both 
running petrol and petrol in the trailer burned. It is estimated 
that the heat release rate was above 200 MW while only the 
petrol in the trailer burned. The ceiling temperature above the 
fire was calculated to about 1350 °C. When the fire started 
there were four cars and a camping vehicle in the tunnel, 
including 17 people. All the vehicles was behind the tanker, 
driving in the same direction. The first car turned around when 
the driver witnessed the trailer colliding with the tunnel wall. 
He was also able to stop and turn a second car, who drove out 
of the tunnel. The third car stopped some distance behind the 
trailer due to a flat tire. A camping vehicle then passed this 
third car and drove up to the trailer. When the camping vehicle 
was about 5-10 meters from the trailer, they heard a bang and 
the trailer caught fire. The driver of the camping vehicle 
backed away from the trailer towards the low point, catching 
up with two persons from the third car who had started running 
when they saw the fire starting. The two persons was picked up 
by the camping vehicle and they backed some distance up the 
other side of the low point, turned the vehicle and drove out. 
While backing down the tunnel they saw flames coming up the 
sides of their vehicle. 

 

Oslofjord 3 (May 5, 2017) 

In 2017 a fire similar to the severe Oslofjord 2-fire 
occurred. A lorry loaded with toilet paper started burning due 
to engine failure. During the tunnel closing operation, several 
vehicles, including two lorries, drove into the tunnel. The two 
lorries drove up to the burning vehicle and was not able to turn. 
The fire escalated quickly, and the fire service barely managed 
to prevent fire spread to the two lorries located behind the 
burning vehicle. After the Oslofjord 2-fire, evacuation shelters 
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were installed in the tunnel. During the Oslofjord 3-fire, two 
persons evacuated their vehicles and found shelter in one of 
these rooms. The two persons was later picked up by the fire 
service.  

 

OBSERVATIONS FROM TUNNEL FIRES 

 
Based on previous analyses of Norwegian events we think 

that safety should be improved based on various characteristics 
with the tunnel designs: 

 It takes too long time before road-users realize dangerous 

situations in tunnels and prepare for self-evacuation. 

 The organizing of self-evacuation is arbitrary and to a very 

little extent adapted for the road-users’ needs. 

 The road-users do not possess knowledge of tunnel fires, 

e.g. illustrated by keeping little distance to the vehicle in 

front and postponing evacuation actions. 

 Ventilation strategies do not correspond with fire, 

situational and emergency response scenarios. 

 Fire extinguishing equipment is inappropriate to match 

relevant fire scenarios. 

 The buyer of transport services, transport salesmen, 

forwarding agents, transport companies and drivers of 

HGVs containing large amount of energy has been very 

little considered and scrutinized with respect to their roles 

and responsibilities regarding major fires in tunnels. 

 Knowledge amongst tunnel authorities, owners and users 

regarding fire dynamics, heat development and smoke 

dispersion in tunnels is weak. 

 Procedure driven or knowledge based fire and rescue work 

must be balanced. No one seems to define what is a good 

balance. 

 Easy accessed information about Norwegian road tunnels 

and fire protection strategies is lacking. 

 The individual victims from fires’ post traumas and 

stresses are underrated. 

 
Knowledge about the contents of goods travelling through 

Norwegian tunnels is scarce. This is especially true with regard 
to the potential for exposure to toxic substances in serious 
releases and combustions. The tunnels are sociotechnical 
systems not very easily predicted in case of future accidental 
events. For the tunnel owners and the emergency services the 
level of complexity is challenging for their safety management 
work. To a certain extent risk analysis approaches address 
simplified systems, which for tunnels similar to the Oslofjord 
tunnel might not be sufficient to optimize safety and provide 
useful decision support [5]. 

 

SAFETY – A CONTROL ISSUE 

 
Based on the scenarios described in the previous section, 

this section exemplifies a set of safety constraints to enforce to 
keep the tunnel in a safe state. Safety constraints are logical 
developments from the Zero Vision strategy, politically 
enforced in Norway September 29, 2000. We assume that there 
exist a set of functional requirements to the tunnel design, for 
example: 

 The tunnel design shall ensure safe behavior by being 

logical and easy to understand. 

 The tunnel shall invite and guide to correct speed and 

stimulate to awareness. 

 Alarm shall be given in a way that ensures effective 

mobilizing of all relevant emergency services and 

measures.  

 
Based on a common understanding of overall functional 

requirements it is relevant to discuss constraints. In this 
example, we use the narratives to clarify a set of constraints. 

 

The narratives 

During the past three decades there have been several major 
events/crises that have struck road tunnels. Most of them are 
thoroughly investigated. The investigations contribute with 
interesting features relevant for all tunnel designs in Norway. 
Furthermore, the NPRA also investigates all fatal accidents in 
their infrastructure including tunnels, which provide useful 
information. Last, but not least, the traffic management centers 
in every region have records of deviations and events regarding 
the traffic in all tunnels in its region. We exemplify safety 
constraints by referencing the above incidents, but advocate the 
development of constraints on a broad material, in which most 
of them will be standardized but some also tailor-made for the 
specific tunnel.     

 

Safety constraints 

Developing safety constraints follows a systematic process 
involving these steps:  

1. Define the system, including system boundaries and 
interactions with its environment. 

2. Define the system’s functional safety requirements. 

3. Conduct hazard identification associated with the 
specified functional requirements.  

4. Develop a set of valid scenarios based on the hazard 
identification process, and conduct appropriate modeling 
to explore the boundaries of safe operation. The validity 
of the scenarios is assessed by coherence principles, see 
Bjelland et al [3], which we will not elaborate further 
here. However, narratives from real tunnel fires, which 
represent empirical evidence of what might happen, are 
strong coherence indicators (data priority, analogy). 

5. Define the set of safety constraints necessary to keep the 
system in a safe state, i.e. to comply with functional 
safety requirements. Derivation of safety constraints are 
based both on the hazard identification process directly, 
and the scenario analyses. 

The safety constraints should comply with a set of 
requirements: 

1. Observable, they must be clearly defined and open for 
access when needed. 

2. Measurable, i.e. it must be possible to verify their 
existence, non-existence or degree of existence. It must be 
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possible to establish set points, limit states or criteria 
monitored by “sensors”. 

3. The controller is critically dependent of knowing the 
status of the controlled process. Hence, the constraint 
must allow appropriate feedback to the controller. 

4. Evenly distributed amongst actors involved with safety 
management. 

5. Correspond to an available controller. If there is no 
controller to enhance the constraint, the constraint is 
meaningless. 

The following are examples of relevant safety constraints 
upon the evacuation system that need enforcement in order to 
keep a tunnel in a safe state, based on the role of the controller: 

 Road-users must… 

o know in what tunnel they are. 

o know where they are in the tunnel, relative to the threat 

and to the means of egress. 

o have adequate knowledge about the evacuation strategy 

of the specific tunnel. 

o have knowledge about fire spread mechanisms (keep 

distance to vehicle in front of you). 

o have adequate knowledge about how to extinguish a 

fire. 

 Emergency responders must…  

o know the location of the fire. 

o know if and where any road-users are in the tunnel. 

o are aware and trained for the fire safety strategy 

(information, ventilation, evacuation, etc) of the 

specific tunnel (ex: In Gudvanga 2 the ventilation 

strategy seemed to be a surprise for the emergency 

response). 

 Tunnel owners must … 

o ensure that the fire extinguishing equipment in the 

tunnel corresponds to dimensioning scenarios and road-

users’ capabilities (Ex: none of the drivers succeeded in 

putting out the fire).  

o ensure that the fire ventilation system corresponds to 

the traffic in a road tunnel, which should not lead to 

fire scenarios exceeding the ventilation capacity of (Ex: 

Skatestraum fire). 

o ensure the technical safety systems has uninterrupted 

power supply during the fire (ventilation, lights, 

information systems, communication systems) (Ex: 

Gudvanga 1) 

 

Sensor, controller, actuator – scenario analyses 

We state that safety is a control problem. A control 
structure (or a controller) is thus essential in order to obtain 
safety. If there is no controller, there cannot be safety. The self-
rescue principle is an important design presumption for 
Norwegian road tunnels. Following this principle, the tunnel 
design is in accordance with the capabilities of the road-users 
and the emergency scenarios that might occur. The evacuation 
process itself, is not under any systematic control or 

intervention besides the road-users own control actions within 
the tunnel.  

 

Figure 2. Evacuation as a controlled process through planning, 

construction and operation 

If safety is the system’s ability to prevent injuries and 
losses, the design of the system becomes a major issue. Control 
and feedback are major issues in systems theory. Feedback to 
the controller is important. Situations of emergency develop 
quickly. Decision-making in response to avoid injuries and 
losses is dependent on high quality information. The major idea 
is that the controller is updated on the process that he/she/it is 
controlling. 

The constraint; Road users must have adequate knowledge 
about how to extinguish a fire; meet the requirements, if we 
describe adequate knowledge. The constraint is directed at the 
population of HGV-drivers, and the controllers are the road 
authorities, training schools (drivers shall refresh competence 
in intervals of five years) and transport company. The 
responsibility of the control-function needs thorough 
consideration, but we neglect this issue. Sensor activities are 
reports from training, exercises and surveys, to which the 
controller must apply the algorithm (assessment) to when 
critical level is crossed (portion of drivers not holding a certain 
standard, given the design of the specific tunnel). 

Control enforcement on the process require actuators. In the 
example above, actuators could be relevant on several levels. 
Of course the transport company is responsible for maintaining 
mandatory competencies, which include fire extinguishing in 
tunnels. Additional training is an obvious measure. For the 
drivers schools changes to curriculum, didactics and testing 
might be relevant. Finally, for the road authorities 
strengthening the regulation might be necessary.  

In tunnels, feedback from the various processes require 
sensors. Norwegian road tunnels (at least the single-tube rural 
tunnels) are scarcely equipped with sensor technology. 
Adequate feedback from the process (situation of emergency) 
is arbitrary, dependent on the individual actions of road-users 
(sensors involve fire extinguishers and emergency phones, 
which may or may not be used). From our narratives from 
Oslofjord 1 and 3, we see that vehicles enter the tunnel against 
red lights and closing gates. Similar findings are reported e.g. 
in the Mt. Blanc tunnel fire in 1999 [6]. This indicate poor 
feedback from the incident and/or inadequate control actions 
from the traffic manager. The road-users are simply not 
convinced that stopping is the best alternative. 
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There is a great potential to enhance safety by providing 
better sensors in the tunnels and strengthen the evacuation 
process control. People are reluctant to initiate immediate 
evacuation in early stages of fire emergencies, but also suggest 
that information is key to compensate indecisive behavior. 

 

 Assessment of coherence 

Coherence analysis shall ensure that the scenarios and 
related constraints are validated. Stakeholders must be involved 
in the coherence analysis, which contains narratives based on 
various loadings put on the tunnel system, where explanations 
are sought regarding why devastating developments are 
avoided. Justifications of assumptions, constraints and related 
coherences are the major concern of the analysis, but a 
thorough presentation of the use of coherence principles is not 
part of the scope of this paper.  

 

DISCUSSION 

 
Road tunnel fires can be challenging and cause health risks 

to the firefighters. The guidelines for smoke and chemical 
dredging places relatively large restrictions on advancing 
towards tunnel fires. Advancing towards a tunnel fire should 
not be conducted against the direction of the ventilation. A tank 
wagon should accompany the fire fighters where there are no 
fixed water outlets in the tunnel. In addition, it is essential to 
establish communication between fire fighters entering the 
tunnel and the command center on the outside. Once the basic 
prerequisites are satisfied (ventilation, adequate water supply 
and communication), an assessment of the severity of the 
incident must also be made. In cases where the severity is 
unknown, the fire service should be careful when entering the 
tunnel. 

In 2015 we did a workshop challenging fire and rescue 
services across Norway on their knowledge and capabilities to 
respond to major tunnel fires [7]. The workshop revealed huge 
variations amongst various fire departments responsible for 
complex tunnels. For example, imagine a rural sub-sea tunnel, 
which is not equipped with either fire ventilation, water outlets, 
video surveillance, or the national emergency communication 
system.  Still, first responders might have a relaxed attitude 
towards the guidelines for smoke and chemical dredging. In 
case of a tunnel fire, the procedure could include backing the 
fire engine with four-five firefighters towards the fire, even 
against the ventilation direction. We know of a specific traffic 
accident in a subsea tunnel, to which the fire department 
advanced towards the fire without establishing a 
communication gateway. This was not a fire, but how could 
they evaluate the scenario without video surveillance? 

Njå and Svela [7] suggest that tunnels should be subjected 
to “Safety Case” regulations, to which the tunnel owner in 
close cooperation with the rescue services need to demonstrate 
sufficient safety systems and emergency response. In this 
respect, establishing safety constraints would contribute to a 
holistic safety system. The tunnel owner is responsible for 
tunnels being adequately equipped with emergency 
preparedness measures, allowing firefighting and rescue 
operations. Expectations and capacity from the local fire 
service needs clarification, and the tunnel must be equipped 

accordingly. Our view is that the society expect the fire 
department to push limits to fight a fire in the tunnel and rescue 
people. The fire department also seem to place high 
expectations on themselves. The fire department’s actions in 
the Gudvanga 1 fire corroborates this. In many municipalities, 
a local voluntary fire department is responsible for the 
emergency preparedness and response for major road tunnels. 
The emergency preparedness analysis should recognize the 
emergency responders’ limitations and design the tunnel 
accordingly. However, it could be questioned whether this is 
practice today. We question both the local voluntary fire 
department’s competency with regard to understand their own 
limitations and the current emergency preparedness analyses’ 
ability to identify weaknesses and compensate by safety 
measures on tunnel design. In other words, the tunnel design 
does not match the emergency response capacity, which may 
lead to an emergency response that do not match the situation 
in the tunnel. This is a clear example of safety constraints being 
violated. 

 

CONCLUSION 

 
Successful emergency response to tunnel fires is dependent 

on many actors collaborating towards avoiding injuries and 
losses. When a fire incident occur in a road tunnel, time is of 
the essence. Safety becomes a matter of maintaining the critical 
processes necessary to keep the system in a safe state. There is 
little time for planning and weighing different approaches. 
Efficient decision-making in situations of major uncertainty is 
essential to achieve safety goals. This essentially mean that 
efficient emergency preparedness to road tunnels is a matter 
that needs resolving in the design, construction and normal 
operation phases. Emergency preparedness analyses are 
required in the design phase by Norwegian legislation for 
tunnels > 1 000 m. Guidance and functional requirements are 
lacking. The combination of a prescriptive-based regulation 
regime and strong traditions and expectations to emergency 
response, leads to arbitrary emergency response performance, 
determined by standard tunnel design solutions and the 
capability of the local emergency response. The latter involves 
major variations, depending on the location of the tunnel. 

To achieve high-performance emergency preparedness to 
tunnel fires, there is a need for radical changes to designing and 
operating tunnels. Management should shift from compliance-
based to functionally based, including clear performance 
requirements to the emergency response system. Taking into 
account the complexity of emergency response to road tunnels, 
such a regulative framework would lead to changes in tunnel 
designs, especially in order to accommodate road-user’s and 
local emergency response teams’ different capabilities. In this 
paper, we claim that a system-theoretic approach is appropriate 
to deal with the tunnel system’s complexity and drive the 
design of appropriate control structures for critical processes 
from the design phase to the actual emergency. 
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ABSTRACT 

 

An experimental firefighter-wearable device exploiting an 

Artificial Intelligence (AI) based algorithm has been 

developed, for the purpose of pre-warning wearers of 

dangerous rates of temperature rise in the environment, for 

example ahead of flashover. This specifically exploits a 

compact embedded version of an Artificial Neural Network 

(ANN) with a second stage classifier, which reads temperature 

data from the in-built thermocouple, in order to produce a 30 

second output window of predicted temperatures, which are 

used to inform pre/full alarm states and a series of 

audible/visual warnings. The algorithm and device have been 

tested in two fire behaviour training environments, comparing 

outputs from the units to fixed compartment temperature 

monitoring, demonstrating the integrity of the predictions and 

subsequent alarm triggering. Finally, results from testing the 

devices in realistic firefighting conditions by firefighter 

instructors are presented, demonstrating the dynamic response 

of the algorithm to changing conditions equivalent to a serious 

domestic fire. 

 

INTRODUCTION 

 

Fire incidents in urban environments expose the first 

responders to highly unpredictable operating environments; 

firefighters face dynamic and rapidly changing conditions that 

pose substantial threats to themselves and trapped occupiers 

within buildings [1]. Time critical decisions are made based 

on cues and indicators drawn from the experience and training 

of the firefighting teams and their incident commanders, who 

must make dynamic assessments of the risk present to protect 

their firefighters. However, due to the highly nonlinear nature 

of urban fires, and difficulty in predicting exact fire behaviour, 

timely adjustments to tactics/decision making during an 

incident becomes safety-critical for all involved. 

In the work described here, recent experimental results 

from a project known as FiRST – Firefighter Rescue & 

Support Technology®, are presented. FiRST was conceived in 

late 2013 as a research project focused on developing an 

Artificial Intelligence (AI) based method for predicting the 

occurrence of a temperature rise event caused by a fire within 

an enclosed environment (e.g. a domestic building/warehouse) 

while simultaneously exploring technologies for indoor 

location and improved connectivity in the fire ground.  The 

project initially used NIST data taken from a house fire 

experiment [2] in order to trial the concept of using an AI 

classifier to predict temperature changes and therefore speed 

up the response to dangerous changes in the environment over 

simple threshold based alarms. Beyond the implementation of 

a viable algorithm, initially developed using this data [3], the 

project also developed early conceptual designs for a self-

contained breathing apparatus (SCBA) mounted unit. This was 

later shrunk down into a simpler and more robust wearable 

prototype for experiments and has recently been revamped for 

the practicalities of demonstration trials with a number of Fire 

& Rescue Service training centres and two training colleges. 

The overall objective is to provide firefighters with advance 

warning of sudden dangerous rises in temperature, including 

those preceding scenarios such as flashover which has been 

rigorously researched [4-7], but to date, limited application of 

viable AI-based approaches have been trialled. 

 

THEORY 

 

The detailed description of the structure of the specific 

algorithm and its development will be covered elsewhere [3]. 

Suffice to say, the algorithm is based upon an Artificial Neural 

Network (ANN) using a second stage classifier on the outputs 

generated. ANN’s have seen wide use in a variety of 

applications but in this instance, it is their ability to handle 

rapidly changing, potentially noisy time-series data, while still 

generalising predictions, which is of interest. For this 

application the ANN has been trained on a combination of 

NIST data (1998) and our own early experiments (2016) at a 

UK Fire & Rescue Service (FRS), with the subsequent model 

uploaded to all devices; no further training is carried out on 

the device itself. 
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As shown in Fig.1, the sole input for the current version of 

the algorithm is a single temperature input Ti which is 

recorded  

 
 

Figure 1. Inputs/outputs from the algorithm and classifier 

 

from a sensor at regular intervals, i. For any given time-step, 

tn, this results in the generation an input window of 

temperatures T1-T10. The model then calculates predicted 

values, Pi, generating an output window P1-P10. The values 

within this output window are then fed into the second stage 

classifier, generating probabilities for three states; P(A), P(B), 

P(C), where state A represents 0-149°C, state B represents 

150-299°C and state C, 300-700°C. Any predictions >700 are 

normalised to 700°C, as for practical purposes there is little 

benefit derived from classifying these as a separate state. The 

probabilities for these three output states are then used to 

trigger risk statuses on the unit of NONE, LOW, HIGH, 

including driving the associated visual and audible pre/full 

alarms. On the current implementation used, the step between 

tn to tn+1 is 3 seconds, therefore the input and output windows 

generated for any given step are 30 seconds in length. 

The approach is scalable to different time-steps and 

prediction windows, and has been experimented with using 

0.5 second step lengths while retaining the 30 second timing 

window (i.e. 60 inputs and 60 outputs), with the requisite 6-

fold increase in computational effort required. The work with 

both NIST and UK FRS data indicated that no further benefit 

is derived from shortening the time-step, and observations 

from fire behaviour (and firefighters responding to it) during 

our experiments have demonstrated 3 seconds/30 second 

prediction window, is an optimal ‘drumbeat’ in this 

environment. 

 

EXPERIMENT APPARATUS 

 

The majority of live fire testing has been carried out at the 

UK Fire Service College (FSC) in Moreton-in-Marsh where 

the focus was on using the experimental devices shown in 

Fig.2 in ISO containers typical of those used for SCBA 

qualification and fire behaviour training. These units consist of 

a bespoke PCB with a PIC32 MX processor running a 

compact embedded C version of the algorithm, wrapped in a 

3D printed PEEK enclosure (SLS prints). The choice of PEEK 

was to improve unit reliability, by giving the electronics the 

optimal balance of protection from the high temperature 

environment vs robustness to potential mechanical damage 

expected in the firefighter environment. While telemetry in the 

unlicensed ISM band was built in (433 MHz), for most tests it 

was disabled and the data recovered post-event. In terms of 

man-machine interface for firefighters, a simple combination 

of visual and audible annunciation was used; a red LED on the 

device triggered an intermittent flicker pattern for the pre-

alarm state (algorithm risk status ‘LOW’) with the sounder 

generating an intermittent chirp. Once a full alarm is triggered 

(algorithm risk  

 

 
Figure 2. Wearable units used for testing the algorithm 

 

status ‘HIGH’) the flicker pattern changed to a higher 

frequency, with the audible sound becoming a continuous 

chirp. 

In addition to the unit, each experiment had reference k-

type thermocouples at 1.07m, 1.37m and 1.68m on a ‘tree’ 

arrangement. These were fed to a Grant Instruments Squirrel 

data logger with temperatures logged at 0.5 second intervals. 

Later tests requiring multiple data loggers used a bespoke 

design based off a derivative of the Fig.2 unit; these had an 

identical thermocouple arrangement and logging interval. The 

purpose of having multiple separate data-loggers was to 

validate the inputs seen by the algorithms on the wearable 

devices, to compartment temperatures at known positions, of 

particular interest being during later experiments when 

firefighters were moving around compartments with differing 

temperatures due to different convective/radiative loads. 

These initial tests focused on functionality of the algorithm 

and the reliability of the alarm classification; the fires were 

allowed to develop to conditions where flashover would occur, 

with intermediate steps of gas cooling by the attending 

firefighters to provide data sets consisting of multiple 

temperature excursions. These gas cooling interventions were 

random, based upon the firefighters own judgement, thus 

providing a relatively ‘noisy’ data set that also replicates 

firefighting conditions. The units were mounted on a stainless 

steel tubular framework with a vertical piece holding the unit 

at a fixed height, generally at 1.68m to simulate being worn 

around upper shoulder height on a firefighter. This framework 
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was supported on a wheeled trolley, allowing firefighters in 

full SCBA kit to position and withdraw the unit as appropriate, 

while an adjacent team would intervene with gas cooling and 

general control of the fire. A similar configuration was used at 

a subsequent visit to a US Fire College, with the key 

difference being the vertical pole was placed fixed in position 

with the unit mounted at 0.8m to represent shoulder height on 

a crouching firefighter and two 

 

 
 

Figure 3. Reference mannequin used during trials; (Left) in the lab 

ahead of trials (Right) post-completion of testing 

 

reference thermocouples in the chamber. Units were cycled in 

and out of the chamber by firefighters in full SCBA. In all 

experiments a rugged FireCam was used to capture video 

allowing subsequent visualisation of unit, reference 

thermocouple and video/audio data. 

The next stage of experiments took this arrangement 

further, by modifying the trolley into a full upper torso 

mannequin, complete with fire tunic, helmet and SCBA set, 

with the PPE kindly donated by Scott Safety. This is shown in 

Fig.3 before and after extensive tests with an identical data-

logging setup to the earlier experiments, with the exception of 

the addition of a thermal imaging camera (TIC) to film the 

test. 

The purpose of this phase of experiments was to compare 

the responsiveness when mounted close to the tunic, the 

concern being the impact of convective heat transfer from a 

surface to a fluid (or vice versa as in this case). When 

considering fluid flow over a surface, the layer adjacent to the 

surface (‘boundary layer’) experiences almost static 

conditions, resulting in poor heat transfer compared to the 

turbulent flow further out. In the context of a temperature 

measurement of a hot gas over a protective surface, if the 

sensor is close to the surface it can see a delayed response to 

changes in the wider environment and as such, will have a 

delay before reporting an increase in temperature. This had 

been highlighted to the team, by the technical team at Scott 

Safety, as a concern for any wearable device used to warn 

firefighters of dangerous conditions. A secondary purpose of 

this test was to simulate firefighter movement and the impact 

of positional transitions on the unit behaviour (impact on 

predictions and alarm states). 

The final stage of testing at The FSC moved to trialling the 

units as worn by firefighters tackling a simulated domestic 

building fire, shown in Fig.4. This multi-story building has  

 

 
 

Figure 4. Domestic building at the UK FSC. Photo Taken during 

trials of the units in Oct 2017. 

 

 
Figure 5. Layout of the ground floor, including fire/data logger 

locations (as per burn shown in Fig.4) 

 

multiple rooms with fire cribs, enabling single/multiple fires to 

be lit, with an example shown in Fig. 5. Double fuel loads 

using a combination of pallets and OSB were used to generate 

heat and smoke conditions well beyond those normally used 

for training, more akin to a realistic worst case domestic fire, 

generating the thick smoke seen in Fig.4. Data loggers were 

positioned throughout the building, with one unit containing a 

FireCam to capture footage from within the compartment, and 

a second FireCam mounted on the helmet of one of the 

members of the FSC instructor team tackling the fire. Two 

units were worn by each firefighter instructor on the D-ring of 
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the SCBA set, recording data in exactly the same fashion as 

the mannequin tests. The key purpose to this phase was to test 

the impact of real firefighter movement on the predictions 

generated, vs the actual compartment temperatures, i.e. 

reliability of the device and algorithm in as close to a realistic 

operational firefighting environment as possible. 

 

 
 

Figure 6. Image and data overlay from US compartment test 

(firefighters in foreground). 

 

RESULTS & DISCUSSION 

 

The results obtained are shown in Fig.6 through Fig.11. 

Fig.6 is a snapshot of a test taken from trials in the US with a 

number of units taken through multiple temperature 

excursions, available to view at https://youtu.be/icg5qemOpP4 

(approximately 24 minutes full video). This series of tests saw 

peak temperatures of 600°C experienced within the 

compartment, and while the units performed well during initial  

excursions, the internal temperatures generally went beyond 

130°C causing the units to cease functioning after one to two 

excursions. The moment shown in Fig.6 is taken from early in 

the test series and corresponds to the moment of flashover 

(note: the firefighters were protected by being below the ‘floor 

level’ of the compartment and by a baffle plate just out of 

sight). The associated unit data is shown in Fig.7 with the blue 

curve showing ambient temperature measured by the unit, the 

orange curve showing the alarm state. By calculating dT/dt, 

the resultant inflection point was found to occur at time 

interval 139 i.e. 417 seconds in; meanwhile the unit triggered 

a full alarm at interval 130 i.e. 27 seconds ahead of flashover. 

At the moment of the alarm triggering the ambient 

temperature for value T10 of the input window was 200°C; 27 

seconds later this value was 597°C, demonstrating how 

quickly flashover can occur.  

 

 
 

Figure 7. Associated unit data from compartment test 

 

 
 

Figure 8. Results from initial mannequin test (shoulder unit) 

 

At this point the firefighters intervened with gas cooling, 

bringing the ambient temperature back to 200°C. A secondary 

flashover occurred shortly afterwards, resulting in overheating 

of the electronics; nevertheless the algorithm correctly 

alarmed for this second event before battery failure shut the 

unit down. 

This represents the conclusion of tests using a static unit 

mounted on tubular frame. Fig.8 and 9 show the results for 

units mounted on the reference mannequin described 

previously; In Fig.8 a shoulder unit was tested with zero 

mannequin movement, the principal aim being to measure the 

effect of being close to the tunic. No significant difference in 

response was observed from the units worn on the mannequin 

compared to the reference thermocouples in the chamber and 

the unit continued to correctly transition through pre/full alarm 

states through the duration of the test as the attendant 

firefighter team gas cooled/allowed the fire to build back up.  

As shown in Fig.8, this progressed through 8 cycles of 

temperature build-up, followed by gas cooling, with the 

firefighters gradually allowing the upper temperatures to creep 

up over 400°C at a 1.37m shoulder height towards the end of 

the test (for comparison, temperatures at the 1.68m reference 
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thermocouple reached over 600°C at this point). At 06:15 the 

unit enters pre-alarm, due to an output prediction window 

consisting of P9 and P10 predicted temperatures of 151.66°C 

and 160.27°C respectively. The unit stays in pre-alarm until 

10:54 when a full alarm is triggered, with the P8, P9 and P10 

predicted temperatures being 314.43°C, 340.41°C and 

361.05°C respectively; at this moment the ambient 

temperature is 210°C and rapidly climbing. The full alarm is 

terminated after 15 seconds due to firefighter gas cooling 

intervention. An important point to note, particularly in terms 

of reliability, is that the algorithm correctly retains a pre-alarm 

state, given the ambient temperatures are still above 168°C 

before rising again for a subsequent full alarm at 12:39 when 

the ambient temperature passes 221°C. This pattern repeats 

throughout the test, with the algorithm correctly responding to 

the dynamic fire behaviour, triggering and terminating full 

alarms. At the end of the test the repeated cycling through 

high temperatures caused 

 

 
 

Figure 9. Results from dynamic mannequin test, transition points 

indicate when the mannequin was lowered/raised 

 

 
 

Figure 10. Associated TIC image from Fig.9 test, mannequin in the 

‘standing’ position 

complete failure of the PPE including the helmet. While the 

electronics within the unit did start to exceed 130°C, the 

algorithm continued to run until the failure of the PPE. The 

full video (approximately 19 minutes) is available at 

https://youtu.be/UUNV7xmg4Xw. 

Fig.9 demonstrates the results from a second session using 

the mannequin; here the supporting framework was used to 

change the orientation of the mannequin in the vertical plane, 

simulating a firefighter transitioning from standing to 

crouching and vice versa, while Fig.10 shows a snapshot from 

the associated TIC footage. As can be seen, the unit is still 

able to correctly transition from pre/full alarm states as the 

conditions within the compartment change, despite the 

transitions between a simulated standing position to a 

simulated crouching position (points indicated on Fig.9). This 

is principally due to the short time-step (3 second ‘drum beat’) 

for predicted temperature calculations, and the smoothing 

effect of the second stage classifier. This allows the device to 

reliably re- assess the risk 

 

 
 

Figure 11. Unit data taken during domestic building trial 

 

as the input temperatures change, an important consideration 

for real world firefighting conditions. 

These experiments in ISO containers used for SCBA/fire 

behaviour training concluded early in Oct 2017, with little 

benefit to be gained by further testing at approaching flashover 

conditions. The subsequent tests focused on more realistic 

conditions for firefighters attending a domestic building fire, 

using the facilities at the UK FSC. This final test series was 

conducted late in Oct 2017, with three burns covering a single 

first floor fire, a double first floor fire (separate rooms) and a 

ground floor kitchen fire. For the sake of brevity only the 

latter is discussed here with video footage describing the setup 

and showing the firefighter perspective also available 

(https://youtu.be/D0ffzNg_oAE 0:43 to 3:34). Recalling the 

layout shown previously in Fig.4 & 5, the results for a 

firefighter-worn unit during this test are shown in Fig.11.  

Temperatures experienced by the units during this test 

were generally limited to under 150°C (though the fixed 

reference data loggers experienced >500°C) due to being worn 
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by the FSC instructors and careful consideration of the risks. 

Nevertheless, one full alarm was briefly noted after the 

opening of a window and conditions experienced by the 

instructors were generally considered to be beyond where 

trainees would be taken during SCBA/fire behaviour training. 

One interesting aspect was the dynamic response of the pre-

alarm state, which was felt to provide a useful notification 

(‘tap on the shoulder’) to conditions beginning to change from 

comfortable to potentially of concern. At this point, gas-

cooling intervention and/or retreat from the compartment was 

found to be the only method of silencing the alarm.  

 

CONCLUSION & FUTURE WORK 

 

In the work presented here, a predictive decision making 

device has been demonstrated using an AI-based time series 

algorithm to provide advanced warning of dangerous changes 

in temperature around a firefighter. The algorithm has been 

run in a compact, embedded form on a hardware platform 

suitable for further development into an operational system.  

 

 
 
Figure 12. New unit (right shoulder, green tag) under trial in 2018 

 

Since the conclusion of the experiments described, the 

design has progressed into a more rugged unit which is 

currently undergoing trials with 10 UK Fire & Rescue 

Services and 2 training colleges (UK/US), and is shown below 

(Fig.12) during initial trials at Mid & West Wales FRS. The 

data obtained during these trials is uploaded onto a cloud-

based portal by the trial users, which will help further refine 

the approach and considerations on how such a device could 

integrate into existing firefighter tactics and standard operating 

procedures. The underpinning algorithm/device has already 

been described as an enabler to “dynamic assessment of the 

risk from the outside in” (referring to the impact this would 

have on incident commanders with the telemetry enabled).  

Given the performance of the algorithm demonstrated here, 

and maturity of the subsequent revised device, it is anticipated 

this technology could see active use with firefighters in 

training and operational environments from 2019 onwards.  
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ABSTRACT 
 

Fire investigation in Norway is an activity currently related 
to responsibilities, liability and Police investigation. This paper 
provides an initial discussion on concepts and methodologies 
for learning based fire investigations. Of special interest is 
potential benefits from fire investigations to fire safety 
engineering (FSE).  

Available methodologies for conducting fire investigations 
are well established, but they lack learning perspectives. 
Learning is considered an inherent and natural part of the 
process. This is a flawed assumption. There is a gap in 
transferring the lessons learned from the fire investigations to 
target groups as well as to other related disciplines. For 
example, there is no methodology in place to ensure that the 
lessons learned from a police investigation related to fire safety 
is communicated to the fire safety engineering community. We 
postulate that fire investigations are about guilt. As a learning 
tool it is a ritual in society! 

 

BACKGROUND 

 
Learning from incidents are an important part of developing 

the safety disciplines. As accident are rare events it is important 
to assess what went wrong to avoid it from happening again. In 
Norway the Police is required to carry out fire investigation of 
every fire incident, also where no suspicions of a crime has 
being committed. The Police is working with the local fire 
brigade and the local electrical authority to: 

 Uncover the place of ignition. 

 Uncover the cause of the fire and fire development.  

 Assess whether a crime has been committed.  

 Assess fire preventive measures and assess whether 
fire prevention acts have been followed.  

 Find and identify fatalities. 

Additionally, in the current regulations for fire prevention 
in Norway, there is a requirement that the local council 
investigate fires that have large consequences for lives, health, 
environment, or property. The evaluation is in this context 
defined as a systematic review and analysis of the fire 
preventive activities that may have influenced the fire incident. 

A. Kletz’ frustrations 

We draw experiences from the grand old pioneer, Trevor 
Kletz, who has collected information from several incidents 
and accidents in the plant industry [1]. Kletz describes causes 
and how the incidents could be avoided [1]. He is frustrated 
over the lack of learning, as he sees as change. Changes seen is 
far below his expectations [2]. Kletz sees incidents as 
education of experiences and he has identified 10 opportunities, 
which are often missed in terms of learning from the incidents: 

1: Accident investigations often find only one single cause. 
Kletz states that accident reports often focus on a single cause, 
which is usually the last link in a chain of events. Since other 
links in the chain are not identified, we fail to explore all the 
opportunities of preventing future incidents.  

2: Accident investigation are often superficial. Kletz claims 
that many of the root causes identified in accident reports are 
immediate causes. In learning from accidents, one should look 
beyond the cause of the accident to identify ways of avoiding 
the hazard.  

3: Accident investigations list human error as a cause. 
Human error is a too vague term to be useful in an 
investigation.    

4: Accident reports looks for people to blame. Focusing on 
finding people to blame could divert attention from what could 
be done to prevent similar fires, for example by improving 
design or methods of operation.  

5: Accident reports list causes that are difficult or 
impossible to remove. According to Kletz more emphasis 
should be put on identifying the actions needed to prevent an 
accident from recurrence, rather than listing the causes.  

6: We change procedures rather than design. Operational 
procedures are in many cases the last lines of defence against 
incidents. According to Kletz, a good prevention strategy starts 
in the early stages of the design.   

7: We may go too far. Kletz claims that spending too much 
resources on preventing one accident may open for other 
incidents that looses priority.  

8: We do not let others learn from our experience. To 
prevent accidents from happening again, it is essential that the 
message is distributed widely. Learning activities are rarely 
seen as practical strategies. 

9: We read or receive only overviews. According to Kletz, 
many managers miss the opportunity to learn from incidents 
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because they do not have the time to read the accident report in 
detail.  

10: We forget the lessons learned and allow the accident to 
happen again. Kletz claims that incident reports are often filed 
and forgotten. A good strategy to prevent this from happening 
is to include the reasons for the preventive measures when they 
are implemented.  

B. Norwegian cases 

Fire incidents in Norway over the last years have shown 
that there are more to be analysed after a fire than the cause of 
the fire and related responsibilities. The last 10 years have seen 
several fires that could provide knowledge beyond determining 
the initiating event, for example: 

 Urtegata 31: Fire in a residential building in Oslo 
2008, 6 fatalities - evacuation strategy in existing 
buildings.  

 Gullskogen: Fire in a residential building in Drammen 
2008, 7 fatalities - fire safety management and fire 
prevention in multiuse houses and residential 
buildings for guest workers.  

 Lærdal, Flatanger og Frøya: 3 large wildland fires 
early 2014 due to unusual dry winter. No fatalities, 
but rapid fire spread due to strong wind which caused 
severe property damage - coordinating and leading of 
emergency organisations over large geographical 
areas and across disciplines.  

C. Problem definition  

The initiative to consider fire investigation in a broader 
context was initiated by the University of Stavanger and the 
civil protection centre in Rogaland (SASIRO).  

SASIRO is currently involved in the Norwegian Tunnel 
Safety Cluster. An important aspect of increasing knowledge is 
fire investigation. As such, the concept and methodologies of 
investigations must be developed to extract important 
knowledge from incidents. SASIRO wishes to challenge 
current practices to fire investigation. Structures and techniques 
for accident investigation show little respect to the learning 
concept [3].  

This paper is the first step towards developing learning 
concepts and methodologies to enhance the use of the 
knowledge produced. The focus of the paper is on FSE, in 
which the community receiving knowledge is put in the 
forefront rather than the accident or the investigator. Accident 
theories are important as premise for the investigation itself, 
but we emphasise that learning theories must also become part 
of the investigation methodology. As such the practices seen in 
many sectors are still poor. This paper explores some of these 
issues.  

The important research questions in terms of learning from 
fire investigations in the FSE: 

a) Can knowledge obtained in a fire investigation be 
used within the current frames of FSE? 

b) What are the possible benefits? 

c) Are the current methods for fire investigation and 
identification of learning points adequate for 
FSE?  

The scope of this paper is limited to provide an initial 
discussion on concepts and methodologies for learning based 
fire investigations from the perspective of FSE. We also make 
short comments on emergency response personnel’s 
perspective on learning. 

 

LEARNING – A PREREQUISITE FOR 

INVESTIGATION 
 
Learning is essentially about improving performance or 

making sure that chosen behaviour in the organisation is 
adequate, irrespective whether it is within the regulatory body, 
in the fire engineering company or in the fire department. Braut 
& Njå [4] developed a concept of learning based on accident 
investigations, which they sorted elements into three groups: 

I. Elements related to content, information, 

message, epistemological basis and desired 

cognitive structures. 

II. Elements related to relevant context and involved 

communities. 

III. Elements related to commitment, objectives and 

measures for learning, rewarding, motivation and 

evaluation. 

  Sommer, Njå and Braut [5] further developed a model for 
learning, cf. fig. 1. Learning places the individual at the centre 
of attention and focuses on the individual´s need to learn. Their 
assumption is that there is a close relationship between the 
individuals and the organisational efforts to improve safety 
management. While addressing emergency services in their 
article, the notion of learning is general. Learning comprises 
more than change.  

Figure 1. Model for learning, adopted from Sommer et.al. [5]  

Learning is a continuous process consisting of four major 
features and no defined endpoint.  

The person could be individuals or groups is the starting 
point for understanding learning. Content, context and 
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commitment are the elements that the person depends on in a 
combined approach to learning.  

Decision-making and response corresponds to individuals’ 
performance in their workplace activities (could be first 
responders, but not necessarily). Individuals’ behaviour and 
“response” in fire safety engineering is a result of the decisions 
they make, which consequently form the outcome of the 
engineering designs. 

Reflection is the very essence of learning. For individuals 
to learn from fire investigations they need to reflect on their 
performance (decision-making and response) and the suitability 
of their skills and knowledge. This include analytic reasoning 
either risk, performance or fire load assessments, understanding 
system behaviours and how building designs meet a span of 
heat loads. Gibbs’ reflective cycle is a theory comprised of a 
six-stage cycle to guide reflection for learners [6]. For the 
learner from the fire investigation the cycle can be represented 
as follows: 

Description: What happened in the passage you look into? 
Do not make judgements yet or try to draw conclusions. 
Simply describe. 

Feelings: What were your feelings about the event. What 
were your thoughts? Do not move to analysing these yet. 

Evaluation: What was in your opinion good in the event? 
What was bad? Make value judgements and relate them to your 
area of responsibility. 

Analysis: What sense can you make of the situation 
occurred in the event? Bring in ideas from the outside of the 
described event. Were others’ experiences similar or different 
in important ways? 

Conclusion: What else could have been done in the event? 
What can be concluded in a general sense, from the contents of 
the event and the analyses? 

Action plan; if a similar event, precursors or cues occur in 
your workplace what would you do? What could have been 
done different with respect to your tasks in this type of event?  

The fire investigation should be prepared in a way in which 
Gibbs’ reflective cycle may be facilitated for the actors deemed 
as learners, such as emergency response services, authorities or 
fire safety engineers. 

Change, confirmation and/or comprehension are ways to 
categorise the outcome of learning. The reflection may result in 
change in engineering methods, behaviours or working 
methods. The learning could imply that the fire safety 
engineers have obtained confirmation of their existing 
knowledge and working practices. Alternatively, learning could 
manifest by the fire safety engineer comprehends that the 
estimated heat release rate has it shortcomings in forming the 
design scenarios for certain constructions.  

However, this normative model for learning is a 
simplification, which does not reflect the system or workplace, 
of which the learning agent is being part. Additionally, it does 
not explore the contents of the various elements needed for 
investigators to understand how they must organise their fire 

investigations. There is a need for further developing fire 
investigation methodologies placing learning at the forefront. 

 

LEARNING BASED FIRE INVESTIGATION ACROSS 

SYSTEM LEVELS 

 
Focussing on learning from fire investigations, the 

investigator must clarify and adequately describe the system in 
which the fire occurred. Adopting the System Theoretic 
Accident Model and Processes [7] helps us to clarify relations 
between the actors and identifying and assessing the constraints 
established on each system level. A common understanding of 
the system involved in a fire investigation is hardly seen in any 
studies.  

D. Learning vs liability and blaming 

Of course, the narrative is important and the investigations 
clarify observations about what happened. In every 
investigation a reception history will imply framing the history 
of the meanings imputed to the events. Observables, narratives 
and the reception history are formed in every fire investigation, 
either the investigation is structured as a learning investigation 
or a liability investigation, cf. figure 2.  

Figure 2. Learning based investigation vs. police investigation 
 

Although the Police investigation might be used for 
learning, the issue of learning will never be its major goal. A 
learning-based investigation on the other hand contains a broad 
approach to the incident. The aim of the investigation is to 
increase safety. This could mean utilizing new methodologies 
and models to generate new knowledge and validate current 
knowledge. A learning investigation will encourage root cause 
analyses questioning the design principles and regulator’s 
supervision activities, which will introduce uncertainties into 
the fire scenario model. Such an investigation shows respect to 
actors’ contexts for learning, as well as their involvements in 
concert with new knowledge (contents) challenging current 
theories and methodologies.  

Police investigations are purely retrospective as they must 
look back in order to find the true causes of the fire and 
responsible actors’ behaviours. Learning based investigations 
on the other hand have a futuristic perspective. This means that 
the investigation must look for features to learn from the 
incident, which the actors and society could benefit from in the 
future.  
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E. Accident Investigation Board Norway’s methodology  

The need for learning based fire investigations in Norway 
are identified by the Norwegian Directorate for Civil Protection 
(DSB), and reference is made to the methodologies employed 
by the Accident Investigation Board Norway (AIBN) [8]. 
Accident investigations conducted by AIBN are limited to the 
transport sector and focus on identifying safety problems and 
providing recommendations to reduce risk in the society. The 
strategy for identifying safety recommendations is: 

1. Risk elimination  

2. Manage risk and regulatory guidance  

3. Consequence reducing measures and barriers 

4. Reduce the probability for the event, or preventive 
measures such as organisational measures 
(training etc.).  

The AIBN has conducted several investigations, which 
have resulted in safety recommendations to actors and 
structures, such as tunnels: 

 Fire in Oslofjordtunnelen 2011 [9] 

 Fire in Gudvangatunnelen 2013 [10] 

 Fire in Gudvangatunnelen 2015 [11] 

 Fire in Skatestraumtunnelen 2015 [12] 

However, the AIBN has no system to follow up their 
recommendations and they have neither not knowledge about 
their impact on various actors’ learning from their works. A 
report prepared by the Research Council of Norway claims that 
although there are several investigation methods for 
uncovering root causes of incidents, these are rarely used in the 
fire safety community [13]. 

 

FIRE INVESTIGATION AND LEARNING IN 

EMERGENCY RESPONSE SERVICES 
 
Evaluating incidents are deemed important aspects of 

learning in emergency response services. The DSB describes 
the process of systematic experience-based learning putting 
weight to “learning points” – cf. figure [8]: 

 

Figure 3. Process of experience-based learning  

 

Sommer’s PhD-dissertation revealed that fire investigations 
are rare and he concludes: “The lack of systemic knowledge 
accumulation and exchange of experiences hampers learning in 
emergency response organisations. Emergency personnel learn 
a lot both from stories about other emergency workers’ 
experiences and from discussions with colleagues. However, 
with the exception of the JRCC (Joint Rescue Coordination 
Centre), exchange of experiences largely takes the form of 
informal storytelling and ad hoc discussions, thus making 
experience-sharing unsystematic and something that happens 
by chance. The emergency response organisations will 
therefore benefit from systematically storing and sharing 
experiences from responses” [14].  

Sommer did not think of fire investigations outside the 
services involved as an extension to learning. The DSB’s 
assumptions of learning points depicted in figure 3 is a naïve 
approach to learning.   

 

FIRE SAFETY ENGINEERING 
 
The potential for learning from fire investigations are 

examined in terms on fire safety engineering. We restrict the 
assessment to consider fire safety engineering in terms of 
developing a fire safety strategy for a building or structure. 
When planning for fire safety the engineering is required to 
make assumptions and assessments of fires as future uncertain 
events. An important issue regarding fire safety engineering is 
the lack of knowledge from real fires. Many of the 
methodologies and models used in fire safety engineering is 
based on empirical correlations from small scale tests [15]. 

F. Prescriptive fire safety engineering  

In the design phase of a building project, the fire safety 
engineer is concerned with developing a fire safety strategy for 
the specific building and occupancy. In the simplest case the 
fire safety strategy is developed in accordance with the relevant 
prescriptive fire safety code. This means that all fire safety 
measures such as fire resistance of structures, escape distance, 
active and passive fire safety measures are dictated by the code 
based on the building and occupancy characteristics.  

Hence, for a fire safety engineer developing a fire safety 
design based on prescriptive guidance the learning from fire 
investigations is assumed embedded in the fire safety code. 
Wolski, Dembsey & Meacham [16] refer to continous updating 
of fire safety codes in accordance with new knowledge, but at 
least in Norway this is rarely seen. However, parts of the 
prescriptive code is revised on the basis of large consequence 
fires, for example the catastrophic fire in the Grenfell Tower in 
London. Provision of formal practices for implementing new 
knowledge as addendum to the prescriptive guidance 
documents should be explored.  

G. Performance based fire safety engineering    

In performance-based fire safety engineering (PBFSE) the 
required level of fire safety and required fire safety measures 
are based on analyses. The purpose of performance-based 
engineering is to enable the engineers to tailor the necessary 
fire safety measures to the building in question. As such, 
PBFSE enables the development of innovative buildings and 
gives an opportunity to deploy new knowledge and 

Incidents and 
exercises 

1. Document 
experience from 

the incident 

2. Assess and 
identify learning 

points   

3. Communicate 
learning points  

4. Implement 
learning points. 
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methodologies to obtain the required level of fire safety for the 
specific building. It is the motivation of the enforced self-
regulation regime to deploy new solutions. However, it 
becomes difficult when fires are in fact rare events and 
technical solutions difficult to associate with occurred fires.  

An opportunity for learning is fire risk assessments. Fire 
risk assessments are a mix of methodologies, where important 
information and recommendations from fire investigations 
easily could become implemented.   

The fire safety engineering community’s understanding of 
real fires is limited. Learning based fire investigations is an 
opportunity to provide validation of current knowledge and 
understanding of real fires. The reasons are that we must have a 
deep understanding of the phenomena before it can be 
translated into mathematical equations. When a new model or 
sub-model is developed it must be tested and validated to show 
that it accurately represents the phenomenon in question. This 
is an expensive and time-consuming task [17]. A well-
functioning PBFSE-system would include informal and formal 
arenas for learning and development. Such arenas are rare.  

H. Learning in fire  safety engineering  

There are potential benefits from implementing learning 
from fires in fire safety engineering. The structure of building 
projects do not encourage learning. Efforts to obtain 
knowledge from real fires are usually only triggered by large 
catastrophic fire events. An example of a catastrophic event 
that has led to a development of knowledge in the fire safety 
engineering discipline is the World Trade Centre. The event 
provided new knowledge into several scientific disciplines 
such as heat transfer, structural response and human behaviour 
[18]. Additionally, investigation and evaluation of fires can 
lead to development of new fire scenarios to be considered by 
the fire safety engineer. An example of such “new” fire 
scenario is the influence of travelling fires on concrete frames 
as investigated by the University of Edinburgh [19].  

 

DISCUSSION / CONCLUSIONS 

 
We conclude this paper with considering the potential of 

learning-based fire investigations with regards to deployment 
in the FSE-community.  

I. Can knowledge obtained in a fire investigation be used 

within the current frames of FSE? 

There are currently no restrictions to the knowledge that 
can be included in an FSE-assessment. However, this implies 
that the design follows the path of PBFSE. Additionally, the 
investigations must be obtained and documented in a manner 
that can be transferred to design situations.  

The prescriptive regime implies that relevant knowledge 
from fires is implemented in the fire code. Hence, it will be 
unlikely for the fire safety engineer to include learning points 
from investigations in his prescriptive design. The fire safety 
engineer must then recommend use of PBFSE.   

J. What are the benefits of learning based investigation for 

FSE?  

There are huge potentials for gaining knowledge from fire 
events into several aspects of FSE:  

 Real fire experiences, heat loads, toxic substances and 
the influencing factors. 

 Fire brigade intervention.  

 Assess the effect and adequacy of fire and building 
codes.  

 Knowledge about real buildings and structures in fire, 
including fire in complex structures such as long and 
steep road tunnels.   

 Obtain a reflexive community regarding fire safety. 

 Improve collaboration with other actors, for example 
fire departments.  

Kletz frustrations are part of curriculum at universities. An 
improved interrelation between academia and the FSE 
community, for example the Nordic Fire and Safety Days, 
could lead to changes in FSE-practices. It will improve 
building designs and building operations. FSE will enhance its 
status as engineering discipline. 

K.  Are the current methods for fire investigation, and 

identification of learning points, adequate for FSE?  

Current methods for fire investigations and we claim 
investigation methodologies in general are not adequate for 
learning in the FSE community. We think that the STAMP-
model has its benefits as many other investigation techniques 
(ACCIMAP, MTO, STEP, Fault trees etc). These techniques 
differ in their views on accidents and how safety is managed. 
No technique so far has been developed on basis of learning 
theories. The structure of fire investigation must be changes 
and we need to define the contents of learning investigations.  

Furthermore, changing practices in communities needs 
careful considerations. Stimuli, such as changes to the 
regulation regimes, key enterprises adopt learning practices, 
nominated learning agents etc, seem important.  

L. Summary and further work 

Fire investigations are important for recommending 
proactive fire risk preventing measures in society. The 
methodologies for conducting fire investigation is well 
established, but there are shortcomings. Learning must be 
properly included. We wish to follow up this paper by 
clarifying leading FSE-companies’ attitudes and potentials for 
learning from investigations and how learning activities could 
be designed. This paper proposes additional research into the 
following areas for learning-based fire investigation for FSE: 

 Establishing a system for identifying learning relevant 
for FSE. This includes a model for reflection, for 
example the Gibbs` reflection model presented earlier.  

 Identifying possible arenas for knowledge transfer, and 
establish pilots and conduct trial research 
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 Structuring learning-based fire investigations and draw 
lines to the liability based investigations. We also need 
to explore the incentives needed to involve fire safety 
engineering companies to participate in learning 
processes.  
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ABSTRACT 
 

An adequate response to fires and other emergencies 

requires that the fire service need to dimension its response 

resources to existing risks. This article examines how the 

emergency preparedness analysis (EPA) approach can be used 

to improve emergency planning in the fire services by 

studying how EPA is used to scale two intermunicipal fire and 

rescue services (IMFRS). The article concludes that fire and 

rescue services will benefit from using an EPA when scaling 

their emergency response arrangements. However, for the 

recommendations that follow from the EPA to be respected 

and accepted, the firefighters and decision-makers must be 

involved in the EPA process, and the recommendations must 

be a major part of the rationale for the decision. 

 
INTRODUCTION 

 
 To mount an adequate response to fires and other 
emergencies, the fire services must adapt their response 
resources to existing risks. Traditionally, fire departments and 
municipalities have done this on the basis of a risk and 
vulnerability analysis combined with experience. However, this 
approach to emergency planning has shortcomings. Njå and 
Vastveit have shown that emergency plans in Norwegian 
municipalities are related to risk analyses to varying degrees 
[1]. The Norwegian Directorate for Civil Protection (DSB) has 
come to the same conclusion, stating that it is often difficult to 
see the connection between risk analyses and the scaling of fire 
and rescue services [2]. Generally, emergency decision-makers 
depend mainly on their personal experience and subjective 
judgement when deciding whether the quantity, quality and 
type of response resources are fit for purpose and can meet the 
demands of emergencies [3]. 

 In contrast, in the Norwegian oil and gas industry, it is 
mandatory to use emergency preparedness analyses when 
scaling the emergency response arrangements for installations 
and operations [4]. This strong focus on emergency 

preparedness offshore has contributed to a low level of risk for 
employees in the oil and gas industry and the absence of major 
accidents [5]. 

 The DSB suggests that it be required, by regulation, that the 
Norwegian fire and rescue services start using emergency 
preparedness analysis to determine which incidents and 
accidents it must able to deal with and accordingly how to 
organise, equip and staff its services and develop the necessary 
competences [2]. 

 In this article, we examine how the emergency 
preparedness analysis (EPA) approach can be used to improve 
emergency planning in the fire services. We will discuss how 
an emergency preparedness analysis can be used as a tool in 
the scaling of fire services’ emergency response arrangements. 
The findings, and the tool, can be used not only in the fire 
services but also when dimensioning emergency response 
arrangements in general. 
 
EMERGENCY PLANNING BASED ON EMERGENCY 

PREPAREDNESS ANALYSIS 

 
 The emergency preparedness analysis approach was 
developed by Rake and Sommer [6] and is based on the oil and 
gas industry’s approach [4] as well as the work of Aven et al. 
[7]. 

 Establishing emergency preparedness is a systematic 
process aimed at establishing suitable emergency preparedness 
measures by using risk analysis and emergency preparedness 
analysis. The process involves identifying, planning and 
implementing described and defined risk scenarios in relation 
to identified hazards and accidents. It also includes establishing 
the functional requirements of emergency preparedness and 
identifying emergency preparedness measures [4].  

 Figure 1 describes emergency preparedness as an ongoing 
process consisting of six discrete steps. 

 Step 1: Set the objectives; for instance, the fire 
department’s overall goals are set by the board. Describe legal 
requirements, such as dimension criteria, described in law, 
regulations and/or guidelines, that affect preparedness and the 
expected ability to cope as required. An example of a local fire 
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service requirement is to have rescue diver preparedness, and 
an example of a legal requirement is that the first responders to 
a fire at a hospital shall be on scene within 10 minutes of call-
out. 

 

 

Figure 1: Emergency preparedness process 

 Step 2: A systematic identification and description of risks 
is needed. The risk analysis may cover several types of 
analyses that will all assess the causes of accidents and the 
consequences of possible accidental events. Examples of such 
analyses are HAZOP and risk and vulnerability analyses. The 
latter involve quantifying the probabilities and consequences of 
accidental events when the risks occur. This quantification 
allows for a comparison and prioritisation of the identified 
risks, for instance by using risk acceptance criteria. DSB 
recommends that the fire services employ risk and vulnerability 
analysis to identify and quantify the risks that the fire service 
can meet. A risk image is created and describes the risks at 
hand and to be dealt with.  

 Step 3: Preparation of the emergency preparedness analysis 
by analysing the risks from step 2. The scaling risks are called 
‘defined situations’. The functional requirements of coping 
successfully are described. This step is the focus of this paper 
and will be elaborated on later. 

 Step 4: Preparation of the necessary emergency 
arrangements and plans. This can take the form of a description 
of the emergency organisation or special emergency plans, for 
instance, forest fire plans. Other plans, such as training and 
exercise plans and investment plans, can also be prepared as 
part of this step. 

 Step 5: Implementation of the plans resulting from step 4, 
which, for instance, can include building a new fire station, 
purchasing equipment, restructuring, or training the responders 
according to the plans or introducing new exercise activities. 
The planned organisation must be established, trained and 
exercised in order to handle occurrences of the identified and 

dimensioning risk situations, for instance, a train derailment 
with subsequent fire. 

 Step 6: Implementation and experience of the exercises and 
accident responses are followed by evaluation and update. 
Changes may be necessary, with the aim of improving the 
plans and emergency arrangements. 
 
STUDY APPROACH 

 
 As mentioned, emergency planning in the government 
sector has shortcomings. In the municipalities, the principles of 
risk-based planning are almost non-existent, and the notions of 
‘dimensioning risks’ and ‘defined situations’ are entirely 
unknown [1].  

 The railway sector faces similar challenges. The Norwegian 
Railway Authority (NRA) conducts inspections and audits to 
ensure that railway companies operate in accordance with legal 
requirements regarding safety and security. In 2018, the NRA 
revealed important shortcomings in relation to emergency 
preparedness in the railway sector [8], such as absent 
emergency analysis and a lack of defined situations, the 
existence of only a few functional demands, emergency 
preparedness only including normal situations when staffing 
and equipment arrangements are in order, vacancies not 
analysed or described, and emergency plans not updated or 
adapted to actual daily operations. 

 In this study, we examined how an emergency preparedness 
analysis is used to dimension two intermunicipal fire and 
rescue services (IMFRS). IMFRS-I is located in western 
Norway. This service covers nine municipalities and more than 
100,000 inhabitants and consists of both full-time and part-time 
firefighters. IMFRS-II is in southern Norway. The fire service 
covers seven municipalities, 70,000 inhabitants, eight fire 
stations and 190 employees, including both full-time and part-
time firefighters. To study the use of the analysis, we 
participated in the work and followed the process in both 
IMFRSs.  
 
RESULTS 

 
Premises for the EPA 

 The aim of both the EPAs was to dimension the emergency 
preparedness arrangement for the entire geographical area for 
the fire service is responsible and the fires and other accidents 
that they must be prepared to manage within this area. In 
IMFRS-I, the EPA was carried out during the first quarter of 
2018 by a working group consisting of representatives from the 
original fire services in each of the nine municipalities. 
IMFRS-II finalised its EPA in December 2018. Their common 
mandate was to conduct an EPA based on legal demands and 
risk assessments, in addition to building on previous political 
decisions and the partnership agreement for the IMFRS. 

 Before the EPA was started on, the existing risk analyses in 
both fire services was revised. The service analysed 43 and 49 
risk scenarios, respectively. The revisions showed that the main 
risks within the IMFRS-I area was related to: 
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- Traffic, both passenger traffic and heavy cargo 
transport. 

- Water, whether coastlines, fjords or rivers. 
- Industrial plants and installations. 
- Areas of densely placed old wooden houses.  
- Woodland areas and forests. 

 The main risks in the IMFRS-II area were similar to those 
in the IMFRS-I area, and included traffic accidents and areas 
containing dense stands of old, stately wooden houses. 
However, it also included vulnerable population groups in the 
municipalities, sizeable snowfalls, a fire inside the hospital, and 
the fire service’s emergency medical assignments. 
 
Results of the EPA 

 The risk analysis provided input to the EPA, where the 
identified risks were used to define risk scenarios within 
categories of incidents; see table 1: 

Table 1: Dimensioning Risk scenarios 

# IMFRS-I IMFRS-II 

1 Dangerous goods and 
acute contamination 

Traffic accident in a 
tunnel, fire and leakage 
of chemicals 

2 Ongoing life-threatening 
violence 

Fire in a building with 
hostile residents 

3 Fire at sea (boats) Fire at sea (boats) and 
fuel leakage  

4 Fire in buildings Fire in dense stands of 
old, stately wooden 
houses  

5 Industrial fire - 

6 Forest fire - 

7 Natural disaster/extreme 
weather 

- 

8 Person in water Person in a river 

9 Traffic and 
transportation accident 

Train accident. 
Derailment in steep 
terrain 

10 Simultaneous incidents  

11 - Fire at a mall 

12 - Fire at the hospital 

 

 As is apparent from the table, the number of risk scenarios 
is limited, and it is recommended that planners not exceed 10 
scenarios. Additional scenarios will complicate the EPA. It is 
also worth noting that the scenarios are of similar categories. 
The principal difference is that IMFRS-I has 10 categories, 
while IMFRS-II has eight. An interesting observation is that 
IMFRS-I has the category ‘Forest fire’, while this category is 
missing from IMFRS-II. IMFRS-II is in a wooded area with 
extensive logging and has experienced a number of forest fires, 
while IMFRS-I has very sparsely forested areas but hilly, rocky 
terrain, which makes the combating of bush fires complicated 
and time consuming. 

 Between 1 and 11 risk scenarios were defined for each 
IMFRS-I category. Furthermore, because the entire IMFRS-I 
area with its nine municipalities contains a total of 21 densely 
populated areas, it was necessary to establish which scenarios 

ought to be dimensioning for which areas. Table 2 shows the 
dimensioning risk scenarios and respective areas for the 
category ‘Fire in buildings’. 

 IMFRS-II adopted a different strategy. They assessed the 
transferability of each scenario to other sites and fire stations in 
the region. Each risk scenario was then analysed in detail to 
identify performance and resource requirements (IMFRS-II). 
This approach also makes it possible to identify the 
competence requirements.  

Table 2: Dimensioning Risk scenarios for fire in buildings 

(IMFRS-I) 

# Scenario Area 

I Fully developed fire within a 

standalone fire cell, without people 

inside the building. 

All 

(especially G 

and U) 

II Fire in part of a fire cell (housing 

unit/dwelling), with one or more 

persons inside the building and risk 

of fire spreading. 

All, except G 

and U 

III Fully developed fire in part of 

building with many persons (e.g., 

hotels, nursing homes, hospitals). 

All, except G 

and U 

IV Fire in buildings higher than three 

floors, with people inside the 

building and shortage of 

emergency exits/escape routes. 

A 

V Fully developed fire in a fire cell 

(housing unit/dwelling) in an area 

with dense stands of old wooden 

houses  

A, C and N 

VI Fire in part of a large agricultural 

building/farm outbuilding with 

livestock/farm animals. 

C, D, E, I, J, 

K, L, M, N, 

O, P, Q and R 

VII Fire in industrial building with 

high fire load and long distances 

(warehouses, storage buildings, 

lumberyards, etc.). 

All, except G, 

L and U 

VIII Fire at process plant with liquefied 

natural gas (LNG), with pipelines 

exposed to heat. 

D, E and J 

IX Limited fire at a power station, 

with people inside the building. 

O and S 

X Fire in a subsea road tunnel during 

the building phase 

M 

 

 Figure 2 shows the analysis of dimensioning risk scenario 
V for IMFRS-I. A split in emergency phases will facilitate the 
following analysis. This is shown in the left-hand column. The 
most appropriate split appears to use three to five phases. 
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Dimensioning Risk 
scenario: 
  
Expected handling: 

Fully developed fire in a fire cell (housing unit/dwelling) in an area with dense 
stands of old wooden houses 
Evacuate residents and limit the fire spread to the fire cell (housing unit/dwelling) 

Response phase Needs and measures Time to execution Personnel Equipment 

Alarm and 
mobilisation 

– 20 minutes – – 

Arrival on scene/ 
initial response 

 
Command and start of initial 
response (organise the 
resources and take action to 
limit the fire) 
 
Start of main response 
(rescue and firefighting) 

 
+0.5 minutes 
 
 
 
 
+4 minutes 

Personnel: 
Crew manager 
Fire engine driver 
 
 
 
5 firefighters 

Equipment: 
Small, fast-moving car with 
extinguishing equipment 
 
 
Firetruck 

Rescue and 
damage control 

 
 
Additional firefighters for 
support 
 
Incident command 

 
 
+15 minutes 
 
 
+0 minutes 

Personnel in addition to 
initial response: 
10 firefighters 
 
 
Incident commander 

Equipment in addition to initial 
response: 
Firetruck and transport unit 
 
 
Command vehicle 

Normalisation 

 
 
 
Supply equipment 
 
 
 
Extinguish the fire and 
secure the scene 
 
Conserve property  

 
 
 
+80 minutes 
 
 
 
4 hours 
 
 
6 hours 

Personnel in addition to 
rescue and damage 
control phase: 
1 firefighter 
 
 
 
2 firefighters 
 
 
2 fire-fighters 

Equipment in addition to 
rescue and damage control 
phase: 
Logistics truck with fire 
protection clothing and smoke 
diver equipment 
 
Firetruck or water tank truck 
for extinguishing 
 
Property conservation truck 

 

Necessary equipment  Necessary personnel 

# Type of equipment Time (min)  # Type of personnel Time (min) 

1 
Small, fast-moving car with 
extinguishing equipment 

20  2 Crew manager/Fire engine driver 20 

1 Fire engine  20  5 Firefighters/ Fire engine driver 20 

1 Fire engine 35  5 Firefighters/ Fire engine driver 35 

1 Transport unit 35  5 Firefighters 35 

1 Command vehicle 35  1 Incident commander 35 

1 Logistics truck 110  1 Firefighter 110 

1 Fire engine or water tank truck 110  2 Firefighters 110 

1 Property conservation truck 110  2 Property conservation personnel 110 

Figure 2: Detailed analysis of a dimensioning risk scenario, with performance and resource requirements 

 After all the scenarios were analysed in detail, the 
performance and resource requirements were summarised and 
systemised into requirements for the location of equipment, 
number of personnel, duty or response arrangements for 
firefighters and incident commanders, competence and training 
needs, and fire station structure. All of these requirements were 
then compared to the existing emergency response arrangement 
to establish what was already in place and what needed to be 
acquired or put in place. This gap analysis revealed a need for 

improvement or upgrade within all groups of requirements 
(table 3 sets out the results of the gap analysis for the location 
of equipment). 
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Table 3: Location of equipment (IMFRS-I) 

 Area 

Equipment A B C D E F G H I J K L M N O P Q R S T U 

Fire engine 2x x x x x x x x x x x x x x x x x x x x x 

Transport unit, 4–5 persons x x x x x x x x x x x x x x x x x x x x x 

Water surface rescue equipment x x x x   x x x x x x x x x x x x x x x 

Water tank truck x  x x    x   x x x  x x    x  

Ladder truck x   x                x  

Logistics truck x   x            x      

Property conservation truck x                     

Rescue diver truck x                     

Acute contamination truck x                     

All-terrain vehicle (ATV) x  x x   x x  x      x    x  

Boat and boat trailer x  x x   x x    x x x  x    x x 

Flood control equipment x                     

Equipment for heavy goods vehicle rescue           x    x       
 

x Requirement fulfilled  x To be considered  x Investment required  

 

Implementation of the EPA results 

 To scale the IMFRS according to the EPA, the board of 
representatives (i.e., the politicians representing each of the 
municipalities) must decide what to do with the results of the 
EPA and which of the EPA’s recommendations to implement.  
This responsibility can also be delegated, for example, to the 
chief fire officer, but the board will always at least be informed 
of the results and consequences. However, the question of the 
location of the main fire station in IMFRS-I was not 
straightforward. The EPA recommended an ideal location with 
reference to buildings with high fire risk: alternative 5 in 
municipality X (figure 3). 

 

Figure 3: Alternative locations for the main fire station 

 This alternative faced opposition from the politicians in 
municipality Y, who did not accept this as the location of the 
main fire station. They had, in fact, prior to the commencement 

of work with the EPA, decided in their municipal area 
development plan that alternative 7 should be used as the 
location of both the fire station and the intermunicipal 
emergency medical service (EMS). The politicians in 
municipality X had already decided to incorporate the EMS, 
under the condition that the EMS was co-located with the main 
fire station (this decision, too, had been made before the work 
with the EPA started). In other words, the politicians in two of 
the municipalities had made decisions in other cases that did 
not harmonise with the recommendations of the EPA. 
Moreover, both municipalities threatened to withdraw from the 
entire IMFRS if the main fire station was not located on their 
side of the municipal border. The management of the IMFRS 
then conducted an analysis of the risk-reduction measures 
necessary in the city centre of municipality X to make it 
possible to locate the main fire station at alternative 7. The only 
acceptable solution, from a fire risk perspective, was an 
additional small fire station located in the city centre. The 
politicians in municipality Y accepted this solution, but those 
in municipality X did not – the politicians there found a two-
fire-station solution too costly, even in light of a significantly 
improved level of emergency fire preparedness. The politicians 
in municipality X therefore decided to withdraw from the 
IMFRS and establish their own fire service, and the IMFRS 
was re-established without municipality X. 
 
DISCUSSION AND CONCLUSION 

 

 An EPA can help improve the fire service’s emergency 
preparedness arrangements. The EPA helps the fire service to 
clarify which situations they should be prepared to manage and 
the types of resources and competences they need. It also helps 
to connect the scaling of the fire and rescue service with the 
risk analysis – a connection that DSB in general experiences as 
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weak [2] – thus enabling risk-based planning. IMFRS-II, for 
instance, included a scenario called ‘The Unexpected Accident’ 
and forced themselves to consider alternatives to the traditional 
and expected actions and ways of responding. 

 However, the EPA does not guarantee a ‘correct’ 
dimensioning scaling of the fire service – it simply provides 
decision support to those making decisions regarding the 
emergency response arrangements. Other factors, such as 
financial circumstances, the improved efficiency of the 
municipal services, the inhabitants’ sense of fire safety, and 
political agendas, are also of significance. To describe 
measures based upon the expectations (see figure 1, step 1) of 
different stakeholders is complicated. Nevertheless, an EPA 
offers better decision support than using risk scenarios that 
‘only’ state what can go wrong, because the EPA gives details 
about what is needed in terms of resources, where they need to 
be located, and the costs. Moreover, it makes it easier to 
prioritise if the budget allocation provides less than needed, 
facilitating deliberate decisions about which services to cut and 
which dimensioning risk scenarios that the service will not be 
able to manage.  

 The proposed method of emergency preparedness analysis 
[6] appears to be a suitable tool for fire services when 
dimensioning their emergency response arrangements. The 
general experience of the fire service’s members who 
participated in the EPAs is that this kind of analysis rendered 
more visible and explicit what they needed to be able to 
respond to and what types of resources were necessary. The 
results of the EPA also appeared to be accepted by the 
responders and the fire service boards as an objective 
description of the needs for equipment, staffing and forms of 
organisation. 

 On the other hand, the EPA challenged the responders 
involved due to lack of competence and experience of similar 
analyses. Two main challenges were that the analysis was 
initially experienced as theoretical for the participants (due to 
new, abstract concepts) and that it was difficult for responders 
to free themselves from the existing emergency response 
arrangements and from what was seen as achievable with 
current budget and existing framing conditions. However, these 
challenges are not insurmountable. In IMFR-II, the EPA 
programme started with an introductory lecture and a textbook 
that explained the methods to be used and discussed the 
process and emergency challenges. The concept of EPA 
becomes more familiar as the level of experience with analysis 
increases. Risk analyses have been used for a long time in the 
fire service sector, and the participants were familiar with this 
kind of analysis. Perry and Lindell [9] pointed out that risk 
reduction involves an examination of the necessary actions in 
order to identify the resources needed to cope with the risk that 
has manifested, and that accurate knowledge of threats and 
responses is needed. The EPA seems to be a useful tool for the 
fire services in that regard. 

 As stated previously, decisions regarding the quantity, 
quality and type of response resources generally depend on the 
personal experience and subjective judgement of emergency 
decision-makers [3]. The responders’ personal experience and 
own judgement also played a significant role in the EPAs in 
this study, but these judgements were systemised and 
combined with more objective risk analyses and knowledge 
about fire dynamics, firefighting, rescue operations and 
incident command. 

 To conclude, fire and rescue services will benefit from 
using an EPA when scaling their services’ emergency response 
arrangements. However, the process must involve the 
firefighters and decision-makers. The EPA’s recommendations 
are a part of the decision to be made, but the recommendations 
must be a major part of the rationale for the decision. If not, it 
is unlikely that the EPA process, and its final result, will be 
respected and accepted. 

 Further research into EPA should include a study of the 
final conclusion of the response arrangement, the benefits, and 
the perceptions of the involved personnel and decision-makers. 
A thorough study of the experience of using the EPA as a 
method and the inherent process is also needed. 
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ABSTRACT 

 

This paper investigates leadership during accident and 

crisis responses, especially during different types of fire 

service response, such as building fires, traffic accidents, 

flooding and accidents with hazardous materials. Our findings 

indicates that the incident commander (IC) merely give orders 

on-scene. The IC rather monitors the ongoing response and 

only intervene when the situation is escalating or when the 

uncertainty is “unpleasant”. The IC is prescribed as the leader 

on scene and orchestrates the area of response. Leadership in 

the midst of an incident is challenging and the inherent 

potential of collapsing leadership can be vital, devastating and 

in uttermost impact deadly consequences. This paper discusses 

incident command as presented in the research literature and 

reviews the research methods to uncover the incident 

commander’s leadership and the subsequent effect upon how 

the commander percieve and handles uncertainty. Researchers 

face several challenges when studying emergency 

management on scene an accident and the paper present some 

methodological perspectives which encompass more rigor 

scientific results. By use of observations in real time, use of 

head mounted cameras and subsequent interviews it is 

possible to study the role of leadership. We discuss how we by 

these research methods can assess successful or un- successful 

incident leadership by the way the incident commander handle 

uncertainty. We also point out some directions of further 

research related to studying uncerytainty in accident and crisis 

responses. The findings reveals that research need to combine 

the cognitive and the sociocultural perspectives upon 

uncertainty and leadership in the midst of action to embed 

leadership and uncertainty in the proper situated sociocultural 

context. 

 
INTRODUCTION 

 

Many types of unexpected event that threatens values, such 

as health and environment call for the need of the emergency 

services; The police, the ambulance services and the fire 

department. Typically, it is the moment at which a threat is 

transformed into actual fatalities or other substantial loss, there 

is a need for immediate response from the emergency services. 

The response aims to avoid undesired outcomes, e.g. causing 

death. Incidents involving all of the emergency services are 

e.g. traffic accidents, buildings fires, collapsing structures, 

leakage of hazardous materials and terror attacks. The first 

local response and rescue effort on-scene the incident, is a 

joint operation between the local police, the fire department 

and the medical service.  

Accidents, crises etc. can be described as the ultimate test 

of plans, preparedness and the management and emergency 

response capability of a society. The ability to cope effectively 

when crises arise is becoming increasingly relevant because of 

factors now tending to exacerbate risk and the increased focus 

on these.  Especially the media, calls for urgent and effective 

action. The statement of Boin (2005) [1]. “Crisis management 

bears directly upon lives of citizens and the well-being of 

societies” (p.1), emphasises why crises have to be coped with 

effectively. A crisis calls for management and leadership. The 

management and immediate actions taken by the local 

authorities and the emergency services need to result in 

mitigation and success. According to Fredholm (2006) [2] 

every response operation needs leadership. The more complex 

and less routine, the more need of coordination, strategic 

planning, prioritising and decisions to cope with the problems 

at hand. She calls for distinct and explicit leadership in 

demanding situations.  

Responses to incidents, as building fires, are responses to 

unexpected, unplanned, unprecented and unpleasant 

(especially to the victims) situations [3]. These un-ness 

challenges the traditional way of research of accidents and 

crises. The situation on-scene and the development when time 

is running are influenced by the actors on the fire ground and 

by the inherent variables in the situation by itself, as the 

physical element and what’s on stake. The situation is rapidly 

changing, has multiple actors and first responders always 

respond to unique situations, sometime with large uncertainty 

[4]. Immediate action is needed, measures cannot be 

postponed and the responder cannot take a time - out. 
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This paper discusses incident command as presented in the 

research literature and reviews the research methods to 

uncover the incident commander’s leadership and the 

subsequent effect. Researchers face several challenges [5]. A 

major problem is to draw conclusions on causal explanations 

based on factors existing in one case. The incident to be 

studied has extremely many variables and the incident or 

situations are never identical. The factors do not need to be 

present in similar cases. Nor is it possible to treat partial 

effects in case studies. The incident commander’s behaviour 

and related assessments in the crisis response are context 

bound, and our understanding of these factors requires close 

awareness of the context. Reconstruction of on-scene 

behaviour is difficult. To reveal all facts and variables that 

influent the development and the incident command on-scene 

is practically impossible.  

The paper [5] present some solutions to address more rigor 

scientific results. In order to understand the importance and 

actual influence of incident commanding in action, the 

researchers need to assess the response, and obtain relevant 

and reliable data, in real time. 

Our studies were designed to better understand the role, 

performances and influence of fire services ICs during 

response. Our data are collected from relatively major 

emergency response actors on a Scandinavian scale, but not 

the largest. We cannot claim that our data are representative 

for all types of emergency response structures, even though 

the data showed typical patterns in ICs’ reasoning and 

behaviour in fire services across Scandinavia. 

By use of observations in real time [5,6], use of head 

mounted cameras [7,8,9,10], and subsequent interviews it is 

possible to study the role of leadership. Finally, we will 

discuss potential for improvements to manage complicated 

accident scenes taking the rescue services’ tcontexts into 

consideration. 

The central research question we ask is: In which way does 

the conceptualisation of incident command and our 

methodological approach affect our judgements regarding the 

performance of the incident commander, and to what extend 

we can conclude if the outcome is successful or not?  

Firstly we present the role, task and leadership of the incident 

commmander and our reflections, then the research in the field 

and how it can be improved, some findings from our research 

and finally some refelctions upon improvement and future 

research. 

 

WHAT IS INCIDENT COMMAND ABOUT 

 

On scene at the emergency, the incident commander (IC) is 

the predetermined manager and leader. This individual is 

responsible for all aspects of the actions, coordination’s and 

efforts of multiple organisations and individual responders, 

and finally the outcome of the activity at the incident ground 

(Bigley and Roberts, 2001) [11]. In Manual for the use of Fire 

brigades published ca. 1920 [12]. has the chief officer 

(incident commander) “the entire responsibility, and 

consequently, she has the entire command of the whole”. 

Responders, superiors and the public expect the incident 

commander to have command and control. The aim of IC 

includes reduction of uncertainty, provide an authoritative 

account of what is going on, why it is happening, and what has 

to be done to minimise the impact. The position of IC is often 

seen as the responsibility of a single designated person. His 

responsibility is to be the commanding officer and have 

overall management on scene. Overall management includes 

tasks as determining incident objectives and strategy, setting 

immediate priorities and assigning subsequent priorities, 

working out an action plan, approving requests for additional 

resources or for the release of resources, informing agencies 

and organisations of the incident status and demobilising when 

appropriate. 

The emergency services respond solely to a number of 

situations without assistance from other services. E.g. the 

ambulance services to a heart illness, the police to domestic 

violence and the fire service to a chimney fire. In this paper 

we will use the term incident commander about the leader 

from the police, the ambulance service and the fire service. 

The objectives of the commanders from the police and the fire 

brigade in acute settings are to ascribe, assess and negotiate 

sense regarding “what are we facing and what should we do?” 

[13]. 

The incident commander is expected to be able to handle 

uncertainties through ‘anomalizing’ and ‘proactive 

sensemaking’ [14]. towards facilitating coordination and 

reliable performance in an “unknowable” and “unpredictable” 

context [15]. The operational procedures assume that such an 

enactment and negotiation of sense is unproblematic even 

though research into sensemaking have shown how complex 

collective sensemaking and heedfulness can be to retain in 

vulnerable situations [16,17].  

The on-scene commanding structure and the IC in 

particular play an important role in fighting emerging crises. 

Formal leaders carry a special responsibility for making sure 

that the tasks of leadership are properly addressed and [1]. In 

general, the leader affects responders’ performances and the 

outcome. Fiedler [18] states that how well the leader’s 

particular style, abilities, and background, i.e. experience, 

contribute to performance is largely contingent on the control 

and influence the leadership the situation provides for.  

When the first officer arrives on scene the IC sizes up the 

situation while the units carry out the standard arrival 

procedures. Depending on the situation the IC either monitors 

the progress of the response or initiates a plan that differs from 

the chosen procedures. The officer is in charge. The IC must 

establish an appropriate organisation and coordinate the 

activities for all emergency units. The IC normally acts at 

tactical level and his subordinate commanders, such as the 

medical officer, at operational level. On the operational level 

the IC is at the sharp end of the action, located at a command 

post, and directs the team performing the orders, the decided 
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tasks. The IC’s role at tactical level is to implement the plans 

and achieve the objectives set by the strategic level. The 

tactical level prioritises, plans and coordinates actions on the 

operational level.  

The major aim of a standardised and hierarchal command 

structure is to have an effective and predictable command 

system: a functional system well known to all the responders.  

Leadership is both a position and a process involving 

collaboration, teamwork, and cooperation. Leadership on-

scene an accident can be described, as Boin [1].do, as a set of 

strategic tasks that encompass the activities associated with 

the scenes/stages of management. The leadership function 

seems pivotal to coping and vital to how the incidents evolve.  

The leadership of teams, as the first responders, is challenging 

[19, 20, 21,22].and the inherent potential of collapsing 

leadership can be vital, devastating and in uttermost impact 

deadly [23,24]. 

Research into accidents and crises is essential if we are to 

understand the emergencies at hand, its features, the 

challenges, the coping and the commander’s leadership. A 

necessity aim for the researcher will be to understand the 

incident command process, especially the decision-making 

process in a way that will help to develop principles and 

models for increasing the efficiency of incident commanding 

as the command and control skills [25]. For example, can the 

research contribute to improving the fire services’ 

preparedness, it’s actions on the fire ground an IC’s 

leadership. 

 

STUDYING INCIDENT COMMAND AS SENSE 

ALREADY MADE 

 

A general research approach to incident commanding is 

inadequate, and our studies show that we need more research 

related to answering the core question ‘what is incident 

command inherently about, and which key features and 

elements affect the leadership and finally the outcome of the 

response’. It is important to adopt a normative and descriptive 

approach. The normative background can be standard 

operational procedures (SOP). Typical elements can be; How 

to use formal guidelines and how is it actually used. What is 

incident commanding about? How can we map the 

challenges? What are the variables and how does they affect 

the leadership? How can the incident commander conduct as 

best as possible? 

It can be problematic to understand and subsequently 

improve the process if researchers confine their research work 

as Kohler and Harvey [5]. describe. They pinpoint practical 

questions and applied settings as important features in 

research of decision making, an important part of the incident 

commanding. Post-accident investigations provide in-depth 

analyses of causal factors relating to the responsible parties of 

the systems and objects involved and rarely discuss the effort 

of the emergencies.  

A critical in-depth view of crisis management and IC’s 

performance is rarely seen. The discotheque fire disaster in 

Gothenburg, Sweden, 1998, killing 63, and the terror attack at 

Utøya, Norway, 2011, killing 69 [27,28] are on the other hand, 

thorough analyses of the response and the IC’s efforts. The 

IC’s performances are contextual and should be assessed on 

the specific evidence, circumstances and his assessments. 

Very little research with real-time observations exists that 

sheds light on the incident commander’s role and exercise [4]. 

Most of the research of incident commanding and features 

affecting the response on-scene has been carried out in the 

aftermath of the accident and tend solely to focus on the 

cognitive capabilities of the individual commander 

[14,15,17,29]. The commander becomes the privileged sense 

maker and the centre for intra (Police / EMS) - and 

intersectoral negotiation of sense (units from the Fire Service). 

Recent studies have shown that the notion of the individual 

commander as the centre for leadership is incomplete, and that 

the function of the commander to a higher degree should be 

conceptualised as a sense-facilitator [30]. Studies in 

Scandinavia shows furthermore, that the commander often 

ends up behaving reactively instead of proactively, even 

though our standard operational procedures expect then to do 

so [4,8], and often differ from normative models [31]. This 

interest into challenging our notion of the commander as the 

leader on the top of the hierarchy, complies with a broader 

tendency in research into leadership through terms as shared 

leadership [31] or collective leadership [33]. Researchers as 

Klein [6,36-41] Fredholm [22,42-45], Flin [20,21,24] and 

Tissington [46] has focused on incident commanding and 

improvement of IC’s leadership. Their research findings are 

mainly based on case studies and historical data, e.g. obtained 

from interviews or documents studies as reports from a board 

of inquiries. 

 

STUDYING INCIDENT COMMAND AS SENSE IN THE 

MAKING 

 

The notion of the commander as the centre for decision-

making allows us to study the intersection between orders and 

actions in hindsight. But, if we revise the conceptualisation of 

the commander as a sense-facilitator we need to revise our 

methods too. From a methodological perspective the challenge 

is, that we need to change the unit of analyses from “sense 

already made” to “sense in the making”. Sense already made 

can to some extend be reconstructed by historical data, e.g. 

obtained from interviews or documents studies. Studying 

sense in the making demands methods, which are capable of 

capturing and condensing tentative micro-sociological 

processes as used in studies related to decision-making in 

natural settings [7,25,30,47]. Observations, transcript and 

retrospective interviews provide a solid basis for analysis, but 

access and resources to secure and control the data is often 

lacking. Gaps and errors must be filtered out. Even public 

inquiry reports as [28] turns out to have factual errors and 

misunderstandings. These factors hamper the traditional way 

of research. 
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The practice of the incident commander can be 

characterised as a privileged sense- and decision maker. 

Fulfilling such a function is not solely a cognitive endeavour 

but is also a social process that shapes interpretations 

contingent on the conduct of others [17,29]. The manager is “a 

parliament of selves” [48] and these selves are constructed, 

tested and modified through interaction. These ongoing 

interactions and negotiations are affected by sociocultural 

factors, which are constructed and reconstructed in the 

community of practice [49,50]. We have to reframe incident 

command as relational management and reframing the 

function of the incident commander as a sense-facilitator [51].   

A normal fire service response is considered to be 90-95% of 

all call-outs [52], in which standard procedures work very well 

and the uncertainties are minor. It indicates that the need of a 

leader of the response, an IC, normally is minor. Stålsett et al.  

[54] studied crisis operations in the oil and gas industry, which 

has payed huge efforts in safety procedures, drills and multi-

level leadership. Their study indicates that the “the utilized 

leadership practices hamper efficient intra- and intergroup 

cooperation during normal routine operations. In addition, and 

more alarming, the shift to authoritarian “control and 

command” leadership during crisis settings, which emphasizes 

rapid decisions and eff ectivity, hinders teams’ ability to adapt 

to and handle unforeseen and chaotic situations”.  

In contrast to studying IC from a solely cognitive 

approach as “sense already made” our research in sense in the 

making shows, that the ICs merely do any systematic risk 

management strategies. The ICs did not consider critically the 

contents of the alarm messages and rarely asked for more 

information. The initial response is generally automatic and 

starts before the leader has grasped the situation and outlined 

the response to be made which can explain his behaviour. 

Automatic response behaviour was prominent, even at major 

incidents where the units had limited experience from similar 

situations. Tissington [46] claims that the IC’s recognition can 

be described by four by-products: crew safety, casualty rescue, 

containment and time assessment. The essence of the incident 

is captured if these by-products are understood. The first three 

coincide with every fire fighter’s prioritised goals for their 

response and the fourth is part of the prevalent contextual 

frame condition. However, incidents will always contain some 

degree of uncertainty, especially novel and dynamic situations. 

Our data material did not support the presence of a structured 

risk management process by the individual ICs. The idea of 

identifying critical observable quantities is interesting, for 

example those proposed by Tissington [46]  or the situational 

cues described by Klein [37] , in order to assess the hazards at 

stake and the possible actions available. Rake [55] has 

outlined a model addressing observable quantities in action 

and relates uncertainties to these quantities in order to provide 

insight and proactive management strategies on the scene. 

The findings from studying IC as “sense in the making” 

can be summarised this way:   

- Incident commanders gave few commands 

- The influence from tacitly understood routines and 

procedures on strategic and tactical decisions on 

scene is considerable. Recognition should include the 

ICs’ general reliance on established practice.  

- Very few ICs searched for additional information 

beyond what was provided by the call centre, 

especially in the earliest phases of a call-out 

- On arrival it was vital to the preliminary response 

what the IC immediately observed. The observation 

can be described as an initial outline of the situation 

and not an entire and essential sizing-up 

- The responses were mainly reactive, comprising 

direct action to deal with the visible concrete hazard 

known to the ICs. Pro-active strategies aimed at 

revealing and tackling uncertain events and quantities 

were rarely seen 

- Risk assessments were mainly used to clarify the 

responders’ personal safety. 

The IC’s does not make many decisions because many 

premises are in place before the IC is operational. The initial 

phase on scene is Hence, it could be questioned whether she 

actively manages the crises or whether it is more correct to 

regard the IC as a passive, but important, supervisor, 

important for maintaining the communication flow.  

 

FUNDAMENTAL METHODOLOGICAL 

CHALLENGES 

 

Regardless of the unit of analysis both methodological 

perspectives face fundamental challenges but share indeed the 

common premises that the analyses of the incident and the 

incident is divided in time and space. It is therefore regardless 

of the methodological approach impossible to reconstruct the 

situation and control all the variables, which are vital to 

understand not only the individual commander, but also the 

context which influence – and is being influenced by the 

commander and the incident crew.  

The challenge of the research process is at least twofold; 

validity and reliability. The first relates to the measures of 

what you intended to measures. It’s the interpretation of the 

data that is validated, not the measurement methods 

themselves or the test that are carried out. Secondly to get 

reliable data, i.e., the extent to which the measurement gives 

results that are consistent. Research cannot be valid unless it is 

reliable. 

Manipulation of variables to be studied, control of cause 

and the following effects, randomising, control groups, 

falsification and ethical considerations also challenges the 

traditional view of research. Even if its methodological 

problems the research on incident commanding can follow the 

sociological qualitative tradition by use of case studies, 

observations and even action research. The latter implies that 
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the researcher must be on-scene when the incident and the 

response unfold. 

A. How can we assess successful or un- successful incident   

The research into incident command shows that we need to 

acknowledge that the practice of doing incident command 

encompass some vital contradictions. 

- Incident command relates to the cognitive capability 

of the individual, but as well the shared cognition, 

understood as the negotiation of sense in (and 

between) the incident command team(s). 

- The coordination of the decision-making relies as 

well on the construction and negotiation of sense 

intra-sectorial and inter-sectorial. Such a construction 

of sense challenges a merely cognitive perspective 

and encompass that the way we relate to others is 

situated and sociocultural embedded. 

The experienced incident commander’s serial approach to 

making decisions is seen as a key element to succeed and this 

is presented in a positive manner in the NDM-research 

literature as [36,37,38]. A sociological perspective takes the 

opposite view to the serial approach. According to researchers 

as Rosenthal and Hart [3,56] the incident commander who 

maintains a certain chosen course of action, being unable to 

reflect on and redefine the situation, threatens effective 

response. Groupthink, information over-/underload, 

prioritising the source of information, and increased 

communication demands are all issues that could hamper the 

IC’s ability to make good decisions.  

In our opinion, making inferences about the IC’s 

performance and acting on-scene must include analysis of a 

wider social perspective in a team framework containing 

regulatory, organisational and technological frame conditions 

as well as situational characteristics, including physical 

energy, physical requirements, mental requirements, 

emotional requirements, cooperation prerequisites and 

dynamics [57,58]. The incident commanders we observed had 

varying experience from real actions, but very few had been 

involved in abnormal responses. Their level of expertise is 

thus rarely challenged nor is it part of traditional training and 

debriefing activities. Research of these possible connections is 

missing.   

The question then becomes, how we can combine a 

cognitive and a sociocultural perspective. Our perspective 

upon this question is inspired by the use of awareness 

supporting technologies [51] combined with participatory 

action research [59]. Such a focus allows us to capture and 

retain the cognition – the sense making, and the sociocultural 

situated negotiation of sense.  

Awareness supporting technologies does indeed not allow 

us to access “reality”, but it allows is to capture and present an 

illustration, which allows the researchers and practitioners to 

examine the past as a mutual endeavour. Such an approach 

makes it possible for the practitioners to recall the situated 

thoughts and feelings in a dialogical session with the 

researcher. Such an approach allows us to re-visit the past in a 

real time perspective, and by doing so it becomes possible to 

examine the incident command-practice conducted and as well 

the subsequent effect upon the crew and the overall outcome 

of the incident.  

The use of awareness supporting technologies combined 

with an approach, inspired by participatory action research in 

Scandinavia shows that our guidelines and standard 

operational procedures are written from a merely normative 

perspective. The normative expectations which inscribe 

expectations of the commander being “proactive, highest 

educated, high arousal, high technical, tactical as well 

managerial capacity etc.  Our findings (1,2,10) indicates that 

the incident commander merely give orders on-scene. The 

incident commander rather monitors the ongoing response and 

only intervene when the situation is escalating and when the 

uncertainty is “unpleasant”. The case seems to a higher degree 

to be, that the incident commander orchestrates the overall 

area of response (11).   

The Norwegian study followed fire service IC’s from 

Norway and Sweden. The observer was an experienced fire 

officer with nearly 30 years of experiences from the fire 

service. The data material includes real – time participant 

observation of 22 incidents, as traffic accidents, building fires 

and diving responses. The IC’s were followed from the call-

out and until return to the fire station. The emergency 

responses lasted from five minutes to eighteen hours, 

according to the complexity of the situation and the type of 

response called for, from demanding situations with large 

uncertainties to “normal responses”, in which standard 

procedures work very well. Decision points/nodes and 

communication were registered. Normally the IC was 

interviewed immediately afterwards the response.  

The Danish study followed IC’ from Denmark and Norway 

(both from the fire service and the police) through 1 year in 

total, and examined the interruptions of the sense-making 

processes using awareness supporting technologies such as 

helmet-mounted cameras combined with participatory 

observation. The camera makes it possible to retain what the 

IC was doing and saying in the midst and action. The 

recording was then analysed through dialogical sessions, 

which enrolled the IC as co-researcher into examining 

reflective and reflexive processes regarding the IC’s own IC-

practice. The dialogical sessions not only made it possible for 

the IC to reflect upon own practice, but made it possible to 

examine how interruptions in the sense-making processes was 

negotiated and handled in the situated context between the 

members of the incident crew. 

Both studies observed and interviewed fire service 

responders, which are full-time employed, well-equipped, 

educated and trained responders with substantial experience 

from normal incidents but less from severe incidents. The 

national differences between first responders’ experience were 

minor. 
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After arrival on the accident scene, whether it concerned a 

traffic accident, drowning fatality or fire in a block of flats the 

IC’s focused immediately on what they saw in front of them. 

They concentrated on details instead of sizing up the incident 

in relation to the threats and risks. It was very difficult to make 

them describe what they had to cope with and answer the 

question: “Are there any contextual elements to consider?”. 

We did not observe that the ICs were involved in any 

operational tasks. In one traffic accident the driver was 

trapped in his damaged car. After the successful response the 

IC was asked which commands he had given; “Only one, it 

was to remove the roof of the car”. The IC explained that 

when the response evolved according to the procedures and 

his expectations, it was not necessary to interfere. He was only 

monitoring the response and when the activity was according 

to his expectancies he did not intervened. The common way of 

managing the incident scenes was characterized by few 

decisions and the IC’s monitoring of the activity, even in the 

case of unfamiliar complex accidents. 

During the response phases the constant need for 

information was solved visually and verbally. Every 

commander got information by generally walking around and 

talking to his own crewmembers and officers from other 

emergency units. It was typical that command post on scene 

was not established. The observed incidents were not 

considered as major at the time of the occurrences.  

 

CONCLUSION 

 

Our review of the current research into IC shows, that the 

diversion between focusing on the individual commander from 

a perspective of “sense already made” and focusing on the 

commander in the situated context with the incident crew as 

“sense in the making” reveals very different findings 

regarding the effect of the role of the IC. When we focus on 

the capabilities of the individual commander, research tends to 

conclude, that the individual commander is the very centre for 

leadership, sense-making and vital decisions. When we 

explore the incident commander in the situated context it 

appears to be the case, that the IC to a higher degree becomes 

a sense-facilitator, but to a less degree is the proactive decision 

maker. 

It seems to be, that the methodological approach and the 

theoretical conceptualisation of IC muddy up our discussions 

regarding to what extend the commander is successful or not. 

Is it bad incident command, if the commander takes no 

decisions, but ensure that the overall handling of the incident 

is reasonable and the incident crew works effective?  

Further research needs to a higher degree to combine the 

cognitive and the sociocultural perspectives to pursuit that 

question, and to a higher degree embed the commander (the 

individual) in the situated sociocultural context. An alternative 

approach would be to conclude, that the different approaches 

examines different unit of analysis regarding IC, and we 

therefore should accept, that we inherently will end up with 

very different notions regarding what incident command is, 

and what successful incident command is about.  

The researcher must thoroughly, in one way or another, follow 

the incident commander in real actions if we want to reveal 

important elements of the IC’s leadership and elements 

affecting the performances. 
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The Nordic Fire & Safety Days is a conference on Fire and 
Safety in the Nordic countries.  Nordic Fire & Safety Days is a 
yearly event carried out by the Nordic universities and research 
institutes dealing with risk and fire safety. The conference is 
held by RISE Research Institutes of Sweden in collaboration 
with Norwegian University of Science and Technology and the 
Technical University of Denmark, Lund University, Aalto 
University, Luleå University of Technology, University of 
Stavanger University College Haugesund and Iceland 
University as well as VTT Technical Research Centre of 
Finland Ltd and the Danish Institute of Fire and Security 
Technology. 

 The days put focus on risk and fire research in the Nordic 
countries. The conference yearly has around 70 presentations, 
which prove an extensive competence in the Nordic countries 
in the wide field of fire safety such as: 

• - Fire dynamics • - Safety management 
• - Fire chemistry  • - Crowd management 
• - Forensics  • - Risk and innovations 
• - Structural fire safety  • - Residential fires 
• - Off shore fires • - Decision-making 
• - Multi hazard control  • - Evacuation 

- Management of rescue 

service 

• - Societal activities and 
resilience 

• - Fire detection and 
suppression 

• - Health and environmental 
risks 

The work presented at the conference reveals a series of 
open questions, which need to be solved to secure a stable 
safety level in society. Knowledge in these topics do not stand 
alone but are aligned with societal challenges in a broader 
perspective regarding the safety of buildings, transportation 
and with respect to work health. More advances within 
research and development are needed. Currently researchers, 
municipalities and companies working with advancing the 
knowledge and application in the field of fire safety are 
restricted to searching small amounts of funding and they do 
that in competition rather than in collaboration. Large amounts 
of time are used in writing applications for national funds or 
European funds. 

Nordic Fire & Safety Days hosts delegates from public and 
private sector, universities and research institutes from all 
Nordic and European countries as well as funders. They all 
seek new knowledge in the field of Fire Safety Engineering and 
Safety. Nordic Fire & Safety Days has become a suitable 
platform for project development. Projects need funding, but 
the funding situations differ in the Nordic countries and in 
Europe. In the Nordic countries Sweden has small funds 
earmarked for topics within fire safety, Norway has launched a 
30 mio € to support equipment and organization for fire 
brigades and a small fraction of that is used to strengthen the 
work carried out within research and development on fire 
safety at research institutes universities and municipalities. The 
funding situation for research and development going on in 
Denmark and Finland is more difficult. Good research needs 
stable and strong funding. The Nordic countries would benefit 
of more and coordinated research and a more systematic 
funding. 

The European Commission is currently preparing the next 
funding program for research and development FP9 for the 
years 2021-2027. In Europe fire safety was hardly present in 
the program Horizon2020. This is of large concern for the 
securing a solid safety level for buildings, work and transport 
in Europe.  

At the workshop at the Nordic Fire and Safety Days, the 
funding of research and development within fire safety was 
discussed with a panel consisting of funders from Norway and 
Sweden. Three missions were put together by the participants 
of the workshop. The missions intersect and are described in 
the following.   
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Mission 1: Zero tolerance for fire death at homes.   

The number of fire death in homes has stagnated in the past 
years in a series of European countries. Fires at home put the 
vulnerable and older part of the population at risk. This mission 
focusses on zero tolerance for fire death at homes, a goal, 
which has been aimed towards within traffic. A series of 
research areas and overall questions have been identified, 
needed to reach this goal: 

• Ignition: How is ignition behavior of materials and 
ignition sources in homes? 

• Fire loads: How much energy is stored in modern 
homes 

• Active/Passive fire safety: How do new and old 
systems interact with modern homes? 

• Fire safety of aged materials: How does the fire 
behavior (and thereby the safety) change with aging of 
the materials? 

• Evacuation: How can the evacuation and the self-
evacuation for the whole population from homes be 
improved?  

• First responders: When do they come? What are the 
timesteps of their action? How do they interact with 
fire and the population? 

 

Mission 2: Fire safety for modern fires 

Advances in materials and technology affect the design of 

buildings and transportation, that poses new challenges and 

offers new solutions with respect to fire safety. Fire safe 

design needs to account for these changes. The goal of the 

current mission is to adapt these changes and rethink holistic 

fire safety design with respect to modern fires. 

 
Buildings: 

Buildings change with time. Advances within building 
design are applied on new buildings as well as on old structures 
within renovation. Altered needs of users and changes in 
legislation, such as new energy requirements and development 
of new technology, lead to novel designs. As a consequence, 
new materials are introduced, which alter the fire behavior in 
buildings. Parallel, new active systems are developed, offering 
new solutions for the fire safety design. This time change 
requires a rethinking of the fire safety in all manors. Building 
design even involves new digital equipment bringing new 
challenges and enabling the possibility to develop new 
solutions with respect to fire safety design. Buildings have 
increased in complexity. The design needs to account for the 
people suing the buildings. Fire brigades face the result of these 
changes on a daily base in all its complexity.  

A series of research areas and overall questions have been 
identified, needed to reach this goal: 

 

• New materials: How is the fire behavior of new 
materials? New material are introduced in facades, insulation, 
as well as furniture and other interiors. 

• Digital technologies: The technologies imply 
challenges, as solar panels disguised as tiles, and green 
roofing’s or facades. How can they be addressed in the fire 
safety design? Another question is how can the technologies 
(in active systems) can be used to increase safety level?   

• Climate change: How can we minimize the possible 
effect of climate change on fire safety in modern fires, with 
respect to housing? 

• Passive/active systems: How can we adapt 
passive/active fire protection to provide sustainable fire safety 
in modern fires, with respect to housing, transport, cities, 
work? 

• Energy demands: How can we keep a safety level 
with new energy demands? The new requirements on energy 
have stimulate the development of new technologies integrated 
in buildings. Their function is to produce (solar panels) or 
storage of energy (batteries), both implying new demands on 
fire safety. Furthermore, the requirements lead to the 
development of new materials, which behave differently in 
fires, then old and hence need to be accounted for in buildings.  

• New regulations in many countries have led to 
increased architectural freedom and to new and more 
complex geometries of buildings. This is a challenge 
with respect to evacuation, rescue and firefighting. 
 

Transportation: 

Devices for transportation on road, rail, water and air are 
also benefitting from the advances in material and technology. 
In the same way as for buildings, these changes need to be 
accounted for, when fire safety wants to be achieved. The 
topics range from  

• New light materials: How is the fire behavior of new 
materials?  

• Digital technologies: How can they be used to 
increase safety level? 

• Climate change: How can we minimize the possible 
effect of climate change on fire safety in modern fires, with 
respect to transportation? 

• Passive/active systems: How can we adapt 
passive/active fire protection to provide sustainable fire safety 
in modern fires, with respect to transport? 

• Energy demands: the new energy demands in society 
induce new designs: 

o New fuels are applied in vehicles and boats. 
Fire safety design needs to account for these. 

o The fire behavior of devices for energy 
storage and electric engines in transportation 
devices on need to be considered. 

• Evacuation and human behavior from for large 
structures such as trains, boats and airplanes are challenged 
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when new designs are introduced. Little knowledge is to be 
found in theses research domains.  

Mission 3: Safe cities-resilient communities 

This mission considers the impact of the problems 

described in mission 1 and 2 on the whole of a city.  Cities 

consist of buildings, buildings following design strategies 

from different decades, buildings of different complexity and 

height. Regulations and criteria need to adapt to these new 

structures. The topics identified were:  
 

• Flame spread: how do we hinder flames from 
spreading in areas with  

o complex and high buildings?  

o New materials and old materials (wood)  

• Areas with complex and high buildings:  

o What requires do such areas put on the 
community?  

o What requires do such areas put on the 
organization and work of first responders 
with respect to tactics, response and the 
deployment of volunteers? 

 

CONCLUDING REMARKS 

 

Society is developing, and new requirements are 

developed which influence many aspects within fire safety. 

Fire research and development needs to account for these 

changes when society seeks to maintain a safety level. This 

was discussed at the Nordic Fire & Safety Days. 

Representatives of research and representatives from 

development and industries as well as communities engages at 

the workshop on funding of fire safety research and 

development at the conference. It was claimed that more and 

earmarked research is needed in the Nordic countries and 

Europe. Three missions were presented by the participants: 

Zero tolerance for fire death at homes and fire safety for 

modern fries and safe cities-resilient communities. Different 

groups within academia and industry have taken initiative to 

work for a stronger and more consistent funding of fire safety 

research and development in Europe [5]. 
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