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Preface

It is our pleasure to hand over to you this book of abstracts for the Nordic Fire & Safety
Days 2019 organized by RISE Research Institutes of Sweden in collaboration Technical Uni-
versity of Denmark, Norwegian University of Science and Technology, Lund University, Aal-
to University, Luleå University, University of Stavanger, Western Norway University of Ap-
plied Sciences and Iceland University as well as VTT Technical Research Centre of Finland  
Ltd and Danish Institute of Fire and Security Technology. 

We are very proud to present the abstracts of 63 Nordic and international contributions in the 
present book of abstracts. The work demonstrates a significant scientific depth and societal 
relevance. The conference is a response to the extensive interest in the areas of fire and safety 
engineering in the Nordic countries in the past decades. As the programme and the abstracts 
show, the NFSD follow up on challenges with respect to safety dealing with aspects of fire 
and human behaviour as well as rescue service and risk management. 

Anne S. Dederichs, RISE Research Institutes of Sweden
Conference chair
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Car Park Design and Fossil Free Vehicles 

Kristian Hertz 
DTU Byg 
Kgs. Lyngby, Denmark 
khz@byg.dtu.dk 

Danish car fire in an open shed roof 

Keywords:  Fire load, Car parks, Structural Fire Design, Steel 
structures, Fire protection 

Abstract 
The lecture assesses the design fire load for cars and car park 
structures based on investigations of fire loads of modern 
cars. 
Actual fire scenarios have shown to be much more severe 
and involve a larger number of cars than many design fire 
recommendations prescribe. 
 Based on knowledge about fire load and fire performance 
of parked cars, consequences are presented for fire safety 
design car park structures and especially for application of a 
fire protection of the steel in steel car park buildings.  
 The fire load of an empty average car was about 6.7 GJ 
in 1985, 7.5 GJ in 1995, increasing to 8.5 GJ in 2007 and 
10.5 GJ in 2018. The value relates to the weight share of 
combustible material, which in 2018 was increased to about 
35%. To this, you have to add petrol and other goods left in 
the car, that we can assess as the fire load 1.5 GJ 
corresponding to 40 liter petrol leaving us with an average 
fire load of a modern petrol based car as 12 GJ. If it instead 
is electric, available data for Litium-ion batteries seems to 
increase this with up to 4 GJ. The fire load of an average 
electric car may therefore be considered about 14 GJ at 
present ([1], [3] and [4]). 
 The floor area per car in a car park varies from 18 to 
22 m2, where the smallest areas are usually found in car park 
buildings in central parts of the cities, where the buildings 
are usually filled with cars.  
 Based on these data, we must recommend assessing a 
design fire load on a car park structure to be 330 MJ/m2 
enclosing surface for petrol cars and about 400 MJ/m2 for a 
future fire load of electric cars.  
 This means that common steel profiles like HE200A and 
IP400E should have a fire protection similar to that of at 
least 40 mm if the fire load is 400 MJ/m2 and the opening 
factor is 0.02 m½. This magnitude of the opening factor 
corresponds to the conditions of a filled car park building, 
where ventilation must take place between and above the 
ceilings of the cars. 

 Finally, we consider a design practice applied for several 
car parks constructed with unprotected steel.  
 A study of the recommendations [2] and calculations 
made as a basis for actual building projects indicates how the 
presumptions made leads to a design with no fire protection. 
 First, it is presumed that only 3-4 cars can burn at a time. 
This is obviously not in accordance with actual fires, where 
all cars in a car park has burned no matter if it is in a 
building or in the open. For example, 1400 cars burned 
because one car was ignited in a car park building in 
Liverpool 1/1 2018. The presumption of only a few cars 
burning is applied in the steel structure design by postulating 
that only one bay of a continuous beam can be affected and 
the neighbor bays can contribute carrying the load. 
 Second, the fire-load is assessed as for old cars, and as 
explained this is about half of the relevant fire load today. 
 Third, the ultimate strength of steel is applied instead of 
the yield strength without taking consequences of the 
corresponding ultimate strain into account.  
 Each of the three presumptions gives a doubling of the 
load-bearing capacity of beams and columns and in total the 
load-bearing capacity has been increased with a factor 8 
compared to what we may consider to be safe. 

References 
[1] K.D. Hertz, G. Jomaas, L.S. Sørensen, L. Giuliani

Reliable Assumptions for Structural Fire Design of
Steel Car Parks. Paper submitted for consideration. 16p.

[2] J. Schleich, L. Cajot, M. Pierre and B. M., Brasseur,
Development of design rules for steel structures
subjected to natural fires in closed car parks. European
Commission Report EUR 18867," ECSC Brussels 1999.

[3] P.H. Thomas, Design guide: Structure fire safety.
Fire Safety Journal No 10. 1986. pp77-137.

[4] T. Christiansen, Fire load on car parks (in Danish)
MSc. Project, DTU Byg, 2007. 146p.
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Fire safety of cross laminated timber 
Detailing, exposure level, charring, auto-extinction and delamination - a review 

Ragni Fjellgaard Mikalsen 
RISE Fire Research 
Trondheim, Norway 
ragni.mikalsen@risefr.no 

Nina K. Reitan  
RISE Fire Research 
Trondheim, Norway 
nina.reitan@risefr.no 

Keywords: CLT, large scale experimental studies, numerical 
studies, material properties, detailing 

Abstract 
There is a growing demand for the use of wooden structures 
in tall buildings, giving an increasing need to document the 
fire safety of cross laminated timber (CLT). This abstract 
presents key recommendations for detailing and exposure of 
CLT constructions, based on a literature review of recent, 
large scale fire experiments and other studies in the period 
2010-2018, presented by Reitan et al [1]. The study focuses 
on how different levels of CLT exposure affect the fire 
development, and how to avoid detailing from contributing 
to the fire development.  

Knowledge status 
The use of timber constructions in tall and complex building 
structures requires different levels of fire resistance and 
material properties compared to other buildings. The 
requirements in building regulations for using combustible 
construction materials in tall buildings (4-5 stores or more) 
varies between countries, and often require analytical 
documentation. 

Several studies (details are given in [1]) have shown that 
the use of exposed CLT or CLT with insufficient 
encapsulation can give a faster fire development, as well as 
a more intense and long-lasting fire, compared to a fire 
where the only combustibles are the interior of the room. 
The level of exposure of CLT can affect the extent of the 
fire, as well as the duration of the fire, but the knowledge 
base has been insufficient to be used in modeling, design 
and analyses. 

The level of CLT exposure affects charring rates, 
delamination and auto-extinction, and thus the fire 
development and fire resistance of constructions. Recent, 
extensive international research efforts have led to the 
development of methods for detailing, for calculating 
charring rates and determination of reduced CLT cross 
sections, as presented in COST Action FP1404 [2].  

Combustible timber materials can contribute to the 
spread of fire and loss of integrity if hot gases penetrate into 
service installations and joints. Several studies have pointed 
out the need for more research and documentation in this 
area. 

Conclusions and recommendations 

The results from the literature review of numerical and 
experimental work have been evaluated, and some of the 
conclusions and recommendations presented by Reitan et al 
[1] for the use of CLT constructions are as follows:

During the engineering phase of a tall timber building,
sufficient protection of the construction must be considered. 
Assessments of the timber structures contribution to the fire, 
as well as focus on ventilation conditions and detailing of 
joints and penetrations, are essential.  

The level of exposed CLT is strongly linked to the fire 
dynamics. Complete encapsulation of the timber can enable 
the construction to maintain its stability and load bearing 
capacity, and prevent the timber from contributing to the fire, 
given sufficient thickness of appropriate, non-combustible 
cladding material.  

For partial exposure of walls and ceiling in a room, the 
area of exposure as well as the configuration (wall+wall, 
ceiling+wall etc) affect the fire dynamics. A configuration 
with only one exposed wall could give a satisfying fire safety 
level, as long as any increased heat radiation onto the façade 
above the windows from the cell is considered. A 
configuration with two walls and the ceiling exposed should 
be avoided.  

Charring, delamination and auto-extinction are closely 
interlinked. Delamination can be reduced by using heat 
resistant glue. There is still limited understanding of 
mechanisms leading to auto-extinction, which has rarely 
been observed in large scale experiments with exposed CLT. 

For detailing, there is a need for standardization of test 
methods for system testing of detailing of CLT 
constructions. There is also a need for relevant 
documentation of fire safe solutions for joints between CLT 
walls and floors, as well as for penetrations through CLT 
constructions.  

A list of recent studies on CLT as well as more 
recommendations and conclusions are presented by Reitan et 
al [1]. The current state-of-the art of fire safety of CLT is 
based on a limited number of large-scale experiments, and 
future work is needed to fill knowledge gaps.  

References 
[1] N. K. Reitan, K. L. Friquin, R. F. Mikalsen, “Fire safety of cross

laminated timber (CLT) in buildings; a review” (in Norwegian), RISE
rapport 2019:09, 2019, available at https://risefr.no/publikasjoner 

[2] M. Klippel, and A. Just, “Fire safe use of bio-based building
products: Guidance document – Fire design of CLT incl. best
practise,” COST FP 1404, FP1404 WG2 TG1 N221-07, 2018. 

Kathinka Leikanger Friquin 
SINTEF Byggforsk 
Trondheim, Norway 
kathinka.friquin@sintef.no 
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Epoxy-based fire resistant coatings 
an experimental study of the mechanical performance 
Efstathia Chioti 

Department of Civil Engineering 
Technical University of Denmark 
Copenhagen, Denmark 
s182591@win.dtu.dk 

Luisa Giuliani 

Department of Civil Engineering 
Technical University of Denmark 
2800 Kgs. Lyngby, Denmark 
lugi@byg.dtu.dk 

Keywords: Epoxy paint, bridge cables, uniaxial tensile test, paint thickness, paint resistance, failure mode, mesh. 

Abstract 
In 2013 a car fire on the New Little Belt Bridge damaged 

the main cable of the bridge [3]. After this accident, an 
assessment on the fire risk of the main cables of the New Little 
Belt Bridge was carried out and in 2017 and the main cables of 
New Little Belt Bridge were retrofitted with passive fire 
protection, while a similar retrofit is ongoing on the Great Belt 
East Bridge [2]. An inert mat insulation was used in those 
cases, but the use of intumescent epoxy paint is under 
consideration [3], due to the possibility of spray-paint the 
element on site and the protection that offers to environmental 
agents, in addition to fire. 

Intumescent coatings are fire retardant coatings that protect 
steel elements in case of fire by swelling and charring, creating 
a porous layer, which prevents heat to penetrate and damage 
the elements [4]. In particular, epoxy-based intumescent 
coatings are used for structures that may be exposed to 
hydrocarbon fires, where the maximum fire temperature is 
very high and is reached very rapidly, due to a high fire 
growing-rate. In case of bridge cables, additional properties of 
mechanical resistance are required to the paint, due to the 
movement and vibration of the cables and because of the 
inspection machine that run along the cables. In particular, 
property of adhesion, the durability, and the resistance to 
impact and deformations are of interest.  

Although many studies have been conducted over the years 
on fire protective coatings, most of them have been focused on 
the thermal performances of the coatings [5], [6], while limited 
knowledge is available on the mechanical resistance of epoxy 
coatings. A few studies regarding the delamination of the fire 
protection were conducted with respect to the damage induced 
by an earthquake on the insulation of steel elements [5], [6], 
[7]. Moreover, the mechanical properties of different types of 
protective regular coatings have been investigated, by 
performing standard tests such as scratch test and peel test [10]. 
However these test standards are hardly applicable to thick 
layers of paint, like the ones needed in case of epoxy fire 
insulation. 

This study was aimed at testing the mechanical resistance 
and the failure mode of steel samples protected with different 
types of epoxy coating and solicited in tension. 

To this purpose, a series of uniaxial tests were conducted 
according to ASTM E8 on steel samples painted with two 
different coating thicknesses, to highlight possible effect of the 
thickness of the coating layer and presence of a reinforcing 
mesh. Furthermore, three different epoxy-based coatings were 
considered. Two of them required the use of a mesh for given 
thickness of the paint, while one had embedded fiber-
reinforcement and was mesh-free. 

One bare steel sample was also tested without any coating 
protection. This test was used as reference, in order to compare 
the effect of the paint on the original stiffness and strength of 
the unprotected sample. 

The steel plates had rectangular shape and dimension of 
450 x 40 x 5 mm (length by width by thickness) and were 
painted on the two larger parallel surfaces. The displacements 

were measured with an extensometer and additional strain 
gauges to measure displacements after yielding were applied 
on the coating-free sides of the specimens. The tensile 
displacement was then imposed by the actuators and the 
corresponding tensile force was registered, until the specimen 
broke. From the results, interesting consideration on the failure 
mode of the paint (cracking or delamination) and on the time 
of failure were obtained. In particular, it was seen that all 
coatings can resist well the elastic solicitations of the steel, but 
does not remain integer through the whole plastic deformation 
of the element. This result is of particular relevance for fire 
structural design, which currently includes the assumption of 
local plastic deformations in the protected structural elements. 

Acknowledgment 
This study was carried out as part of a larger research 

project on “Fire protection of bridge cable systems," funded by 
COWI FONDEN, Grant: A-121.35 , Lyngby, DK, 2018. 
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Small-Scale Experimental Study on Fire 
Protection of Bridge Cables with Epoxy-Based 
Intumescent Coatings

Tolstrup, Jonas 
Buildings, East Denmark 
COWI A/S 
Kongens Lyngby, Denmark 
jntl@cowi.com 

Giuliani, Luisa 
Dept. Civil Engineering 
Technical University of Denmark 
Kongens Lyngby, Denmark 
lugi@byg.dtu.dk 

Jomaas, Grunde 
School of Engineering 
The University of Edinburgh 
Edinburgh, United Kingdom 
grunde.jomaas@ed.ac.uk 

Keywords:  (5 key words) 
epoxy coating 
bridge cable 
fire safety 
small-scale experiments 

Abstract 
To assess the viability of epoxy-based intumescent 

coatings as a passive fire protection on bridge cable, two sets 
of experiments were carried out with two types of epoxy-
based intumescent coatings (anonymized as Coating A and 
Coating B).  

In the first set of experiments, small steel plates were 
exposed to various constant heat fluxes in a mass loss cone 
heater. The initial heating rates were similar to those 
experienced in a UL1709 hydrocarbon fire. In addition to 
experiments on samples with just the two types of coating, 
different configurations with an elastomer membrane, 
typically used in dehumidifying systems on bridge cables, 
were also part of the experimental matrix.  

A second set of experiments were carried out in an 
electric oven, where three types of steel profiles were subject 
to four different heating rates in order to assess the thermal 
resistance for different scenarios. 

The samples were evaluated both visually and 
quantitively at the end of each experiment. Visual 
observations included char structure formation, porosity and 
expansion ratio. Secondly, the performance of the coatings 
subject to heating in the electric oven was evaluated by the 
thermal resistance measure from the Eurocode. An efficiency 
metric was used to compare the heating of the protected steel 
substrate with that of an unprotected substrate. 

Results from the experiments in the mass loss cone heater 
showed a dependency between the heat flux and the 
efficiency of Coating A and a critical heat flux needed to 
achieve a char formation. For Coating B, a full expansion 
was never reached. 

For the experiments in the electric oven, the thermal 
resistance was determined, and it was found that the thermal 
resistance increased with higher heating rates and that the 
duration the transient phase was reduced. The latter is 
defined as the phase in which the intumescing process and 
the carbon binder combustion occurs. 

Based on these findings, it cannot be concluded whether or 
not epoxy-based intumescent coatings are a viable solution 
for fire protection of bridge cables. Still, they provide a good 
foundation for more focused, in-depth future studies. 
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Envisionning a European framework for smoke 
toxicity of fire-exposed construction products 

Sarah Debbiche Krichen 
Senior Public Affairs Officer 
Fire Safe Europe (FSEU) 
Brussels, Belgium 
sarah.debbiche-krichen@firesafeeurope.eu 

Keywords: smoke, toxicity, classification, products, EU 

Inhalation of toxic smoke is the leading cause of death in 
fires, and the major cause of injury. Yet fire smoke toxicity 
is not considered in the European regulatory framework for 
construction products. A recent study conducted in England 
between April 2016 and Mach 2017 shows that most 
fatalities occurred in dwellings and the cause of death was 
mainly due to inhalation of smoke [1,2]. 

It has been observed that soon after a fire ignites within a 
small fire compartment, like an apartment, fire will spread 
from the initial fire source and involve the construction 
products within walls, floors, ceilings and facades. As such, 
construction products will contribute to the heat and smoke 
produced during a fire. The European Commission is aware 
of the importance of smoke toxicity and in 2016 the 
Commission mandated a study to evaluate the need to 
regulate on the toxicity of smoke produced by construction 
products in fires.  

The European Commission study has been published in 
January 2018 [3] but the study could not identify clear and 
consolidated statistical evidence regarding smoke toxicity 
amongst Member States. The study mentions that the 
insufficient evidences could be caused by a lack of clear 
definition of the terminology and the inconsistency in type 
and format of data currently collected by Member States. As 
such, the Commission is not in the position to require 
implementation of new regulation of toxicity of smoke from 
construction products in the building sector. 

The Commission’s report also indicates that the preferred 
framework to regulate for toxicity of smoke from 
construction products, if this is proven necessary, should 
consist of regulations and requirements defined at national 
level and an agreed European system for testing and 
classification.  

To develop an agreed European system for testing and 
classification, it is essential to establish the suitable test 
method that can measure the composition of the fire effluents 
from burning materials for smoldering, well-ventilated 
flaming and under-ventilated flaming conditions.  

The scientific and regulatory community can further use 
the harmonized test method for measure the composition of 
the fire effluents from burning materials to develop the 
classification system for smoke toxicity using the basic 
principle of the reaction to fire Euroclasses for construction 
products. A harmonized test method for smoke toxicity and 

an agreed classification system represent a valuable set of 
tools to evaluate the performance of construction products.  

In the current European framework reflected in the 
European’s Commission report, the Member States are 
responsible to introduce safety criteria for smoke toxicity 
into the national building regulations, which is an essential 
criterion for improving life safety in the building sectors. 
Such measures have already been established in other 
sectors, such as the maritime sector, which have already 
implemented smoke toxicity testing for products.  

By developing a harmonized test method for smoke 
toxicity and an agreed classification system, the fire safety 
and scientific community can encourage regulators at 
Member States level to include smoke toxicity as life safety 
criteria into the local fire safety regulations. The outcome of 
the envisaged framework shall be the reduction of the risk of 
people being exposed to untenable toxic smoke from 
construction products and the improvement of the general 
fire safety level in the building sector.  

References 
[1] Parliamentary Office of Science and technology, POST note on the

Fire Safety of Construction Products, 
https://researchbriefings.parliament.uk/ResearchBriefing/Summary/P
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Introduction 
Wind power has become a global generally recognized and 
vigorously developed renewable energy. A wind turbine 
nacelle is generally a small, confined and crowed space 
housing high-value electrical equipment and diverse 
flammable materials, for example, sound insulation foam, 
the plastic shell of nacelle, electric cables, hydraulic oil, 
transform oil, gearbox oil and lubricating grease, etc. [1]. 
Thus, oil leakage, hot operation, bad ventilation, high speed 
braking, overheating of electrical components, aging 
breakdown and other factors, all of these could cause a fire. 
According to the incomplete statistics of Caithness 
Windfarm Information Forum [3], by the end of 2017, 
among 2186 documented cases of wind turbines there were 
nearly 316 fire cases (14.5 %), which further suggests that 
there is a growing trend for wind turbine fires, due to 
increasing installations of wind power equipment.  

Fire Dynamics Simulator (FDS) is a powerful fire 
simulator which can simulate fire scenarios of low-speed, 
thermally-driven flow. Throughout its development, FDS 
has been aimed at solving practical fire problems in fire 
protection engineering, while at the same time providing a 
tool to study fundamental fire dynamics and combustion [2]. 
So in this study a certain type of 850 kW wind turbine with 
horizontal axis was investigated based on FDS, version 
6.7.0; its fire scene was designed and a pool fire model was 
established and numerically simulated; temperature and 
velocity fields in this kind of fire under a simulated wind 
speed of 9 m/s were acquired and discussed. 

(a)                                                       (b) 
Figure 1.  The structures of (a) real wind turbine nacelle and (b) 

corresponding FDS model. 

Results and discussion 
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     (a)                                   (b)                                     (c) 
Figure 2.  The HRR curve of fire source (a) and temperature cures on 

monitoring spots in vertical (b) and horizontal (c) directions. 

(a)                                                        (b) 
Figure 3.  The velocity vector (a) and temperature (b) distributions in the 

Y=1.12m plane in most developed stage of fire. 

Under the wind speed of 9 m/s (at a class Ⅱ site, medium 
wind) [3], the secondary burning of fuels in an injection 
form induced by the broken pipes near gearbox does not 
occur, but the larger HRR value (about 8000 kW) in 450 s 
do occur (see Fig. 2-a). Provided that fire source was an 
interface (see Fig. 2-b, c), the temperature field in the 
nacelle can be divided into two zones, the maximum 
temperature value of the frontal zone (1000 ℃) is obviously 
higher than that of the rear zone (600 ℃); all hot smoke 
layers with intense heat emission flow away from the sole 
ceiling ventilation vent, as a result, the temperature of the 
nacelle housing ceiling reaches 1050 ℃ and a flashover is 
triggered (see Fig. 3).  

Large-scale fire tests of nacelle shell will be the next step 
of this investigation to evaluate its reaction-to-fire 
properties. 
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Abstract 
Fires in waste represent considerable challenges for the 
waste industry, for fire brigades and for the local and 
regional environment [1, 2]. This abstract presents an 
ongoing study of fire safety in Norwegian waste sites. The 
project is funded by Norwegian authorities.  

There may be many possible sources of ignition at waste 
sites, combined with large quantities of fuel available and a 
variety of on-site actors involved. Recent developments 
relevant for fire safety in waste sites are the current trend of 
more indoor storage, combined with larger waste piles, as 
well as the introduction of new types of waste, such as large 
quantities of Li-batteries. A large fire in a waste facility will 
not only affect the facility itself but can also affect 
surrounding residential areas and other societal functions 
due to major smoke emissions over a long period of time. 
Smoke emissions from such fires, as well as runoff of 
extinguishing water, can also have negative consequences 
for the local and regional environment. 
 A major, but often underestimated hazard in waste 
facilities, is deep-seated smouldering fires (fires with no 
flames). Self-heating of biomass can lead to self-sustained 
smouldering fires, which may propagate through a waste pile 
uninterrupted for long periods of time (weeks, or even 
months) if left undisturbed, and can transition into a flaming 
fire without warning [3].  
 Smouldering fires can be extremely difficult to 
extinguish [4]. A deep-seated smouldering fire may be 
difficult for the fire brigade to access. To control the fire, 
large amounts of water is often needed. To achieve complete 
extinguishment, the fuel often has to be manually excavated 
from the storage unit and drenched with water. Hence, a 
situation with smouldering in a waste facility may require 
long-lasting extinguishment efforts. During this time, the 
smoke emission can be significant, and there is a hazard of 
runoff of large amounts of extinguishing water during the 
effort. It is therefore of high interest to get a deeper 
understanding of smouldering fires in waste facilities and of 
how to prevent or limit their damage on material resources 
and the negative impact on the environment.  
 The Swedish Waste Management Association has 
recently published an extensive report [1] on fire hazards in 
Swedish waste facilities and recommendations to how fire 

risks can be managed. The current study will use the learning 
points from Swedish waste facilities to investigate the 
situation in Norwegian waste facilities. In addition to aspects 
related to fire hazards, there will also be a focus on 
environmental consequences such as smoke emissions and 
pollution of nearby water systems, e.g. rivers and lakes. In 
short, the project covers: 

• Fire preventive measures at waste facilities
• Preparedness and handling of fire incidents
• Proposed safety measures

The project focuses on how to prevent small fire incidents 
from becoming large fires, and how to prevent large fires 
from having large environmental consequences.  

This conference presentation will focus on smouldering 
fires in waste facilities and their consequences for the fire 
brigades’ work methods, as well as environmental aspects. 
Examples from recent fires in waste facilities will be 
presented as well as specific fire-hazard-reducing action-
plans for the waste industry.  
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Abstract 
In fire models, the accurate prediction of aerosol and 

soot concentrations in the gas phase, as well as aerosol and 
soot deposition thicknesses in the condensed phase, is 
important for a wide range of applications, including human 
egress calculations, heat transfer in compartment fires, and 
forensic reconstructions of fires. [1] Nuclear facilities in 
particular are interested in knowing the detailed smoke 
particle size distributions as in case of a fire of activated 
materials, the smoke particles could carry and deposit the 
radiation which is a great threat that needs to be addressed 
carefully. 

The work presented here is a part of the experimental 
campaign conducted for needs of CERN (The European 
Organization for Nuclear Research). Cone Calorimeter 
(FTT) and DMS500 Fast Particulate Analyser (Cambustion) 
were coupled to obtain deeper insight into the smoke particle 
size distribution from the most common combustibles 
present at CERN facilities – cables and insulating oils. 
Advantages of using DMS500 are demonstrated and 
promising results were obtained. 

Characterizing smoke particles 

Major feature of DMS500 fast particulate analyser is that it 
tracks the Particle Number (PN) and measures the particles 
size distribution in 38 size fractions in the size range of 5nm 
-1 μm (4.87, 5.62, 6.49, …, 749.89, 865.96, 1000 nm).
Advantage is clear when compared to a well-known and
broadly used Dekati Low Pressure Impactor, that gives
particle size distribution in 14 size fractions in the range of
16nm to 10μm. Apart from being so precise, another even
greater advantage of this device is that it does the
measurements live – i.e. gives real time results.

One of the limitations of FDS is that the soot is currently 
represented in the model with a single (mean) particle size 
which is insufficiently precise especially when bimodal 
distribution is present (e.g. in cables). Also, soot 
agglomeration is currently not considered. [1] Moreover, in 
[2] it is shown that FDS model overpredicted smoke

concentration levels by the factor of 2 to 5 when comparing 
experimental and computational values found near the 
smoke alarms in a corridor. Consequently, more precise 
understanding of smoke particles expected is essential and 
will allow for better CFD modelling and eventually an 
overall safer design.  

One of the findings of this work was that default built-in 
laser system for smoke detection in Cone Calorimeter is 
unable to detect particles smaller than 100nm, unlike 
DMS500. The reason might be that red laser – wavelength 
(λ=630nm) is too high for being affected by ultra-fine 
particles. A solution might be using lasers with smaller 
wavelengths e.g. from ultraviolet range. During a literature 
review it was observed that so far coupling fast particulate 
analysers (such as DMS500) and cone calorimeter was not 
common in fire science. Most of the smoke data in fire tests 
by now was obtained using impactors and similar filter-
based devices. Greater use of fast particulate analysers is 
expected in future as using DMS500 turned to be very easy, 
fast and precise - superior in comparison to any other fire 
tests smoke characterization techniques done by now. 

Figure 1.  - Concentration vs Mobility Diameter vs Time – brown cables 
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Combustible dust and powder are flammable and can 
explode when in the form of a dust cloud exposed to an 
energy source and at critical concentration. The risk is 
known and the desire to minimize the risk is seen in the 
extensive research and studies within the area. Research is 
carried out to clarify the risk and to be able to set guidelines 
that can prevent accidents [1]. 

The ignitability of a specific dust or powder are defined 
by several parameters. Among other parameters describing 
the specific chemical properties of the dust-air mixture, 
parameters describing explosion sensitivity to the flow 
properties and to the heat transfer of the dust cloud. 
Explosive sensitivity is tested in laboratory tests from 
powder samples taken directly from the production. This 
method presupposed that these laboratory test data are 
comparable to or a conservative view of the actual conditions 
at the factory and in the production areas - this even though a 
dust cloud in the production is likely to be different from a 
dust cloud created in the laboratory with powder sampled 
from the industry [1-2].  

The current study focuses on the analysis of the chemical 
compounds released by pyrolysis of combustible dust. 
Knowledge in this field is scarce and data therefore few, 
despite the properties of the pyrolysis gases are essential for 
the reaction and energy of dust explosions. The aim is to 
identify the pyrolysis gases from dust and powders at 
different temperatures. 

When heating powders, the ambient oxygen will react 
with the gaseous substances released from the powder in an 
exotherm reaction. There will also be reactions between gas 
and liquid and between gas and solid. Although all three 
reactions are relevant, the homogeneous reaction will create 
the highest energy. Thus, it is this reaction gas to gas, that is 
the controlling step in a dust explosion while the other 
reactions are assumed to be very fast [2]. 

This study focuses on powders and dust from the food 
industry (milk powder, corn starch, cocoa powder etc.), the 
furniture industry (in the form of dust and other by-products) 
and the wood industry (dust and other by-products). In total, 
nine different dust and powders have been analyzed.  

In the experiment the powder sample is placed in a 
reactor heated at temperature controlled on demand. The 
atmosphere in the reactor is 100% nitrogen to prevent 
oxidation products. For each temperature interval, two 
samples of the pyrolysis gases are withdrawn from the 
reactor. The samples are subsequently analyzed in a gas 

chromatography – mass spectrometry (GC-MS) with helium 
and argon as carrier gas in two columns. 

The powders begin to release gases by pyrolysis at 
temperatures of 200-300 °C. At higher temperatures, a 
further degradation and a deeper release of pyrolysis 
compounds will occur, and the yield will increase.  

The results from the GC-MC analysis show that 
hydrogen, carbon monoxide, carbon dioxide and methane 
are the primary gases identified in the pyrolysis gases. The 
initial pyrolysis gases formed is CO2 and H2, where the 
concentration of CO2 is proportionally high.  

Concentration of H2 is low at intermediate temperatures 
but has a steady incline. In opposite to the concentration of 
CO2, where the concentration is high (up to 14,1 %) with a 
corresponding steep incline. Most dust samples have a 
maximum concentration of CO2 at 400 °C. At intermediate 
temperatures the concentration of CO is low for most 
samples. 

At 600-700 °C the concentration of CH4 peaks with a 
concentration of almost 50 % in all samples. 

At temperatures above 600 °C, the measurements show 
high concentration of H2 (10,8 - 31,2 %) and CO (13,8 – 
39,0 %), which seems unusual, but is consistent with other 
studies of pyrolysis at high temperatures [3]. The 
concentration of CH4 follows a decline matching the incline 
at low temperatures. It was possible to make a correlation 
between the concentration of methane and a Gaussian 
distribution with a very good fit, for all tested dusts and 
powders. 

The study should be seen in connection with a longer 
study at RISE [4] regarding the determination of combustion 
and explosion properties for dust clouds composed of 
biomass materials.  
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Abstract 
This work aims to analyse the flue gases of Polyamides and 
take a closer look at their thermo-oxidative decomposition 
and combustion.  

Thermogravimetric analysis (thermos-oxidative 
decomposition processes and their study under well-defined 
ambient conditions), the VCI-combustion apparatus (rapid 
combustion in a preheated environment with low ventilation, 
comparable to enclosure fire conditions) and the mass-loss 
cone were used as chemical gas analyses (Fourier-transform 
infrared spectroscopy (FTIR), mass spectroscopy (MS) and 
gas chromatography–mass spectrometry (GCMS)). The 
various PAs were representatives of the AS type (PA 6, PA 
12) and of the AASS type (PA 4.6, PA 6.6, and PA 6.12).
Each of the methods used has its own parameters and is thus
difficult to compare. Depending on the focus of interest, one
method is preferable to the other. In combination, however,
all three methods provide a good overview of the fire
behavior and the possible combustion products. Reaction
pathways and products of this study are shown in figure 1.
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Figure 1.  Products of PA degradation 

Decomposition behaviour 

AS type PAs generally show a two-stage thermal 
decomposition if studied by Thermogravimetric analysis. 

With the AASS type, no general statement can be made, 
since there are more than two stages depending on the 
complexity of the PA. Due to the almost symmetrical 
structure of PA 6.6, based on the carbon chain, there are two 
stages. PA 4.6 shows three combustion stages and PA 6.12 
four distinct regions of degradation. With technical products 
based on PA 6 and PA 6.6, decomposition takes place in up 
to four stages, depending on the formulation aids and the 
flame retardant. Ammonia is the most common nitrogen-
containing effluent, HCN could be registered only in small 
quantities because of high ventilation and relatively low 
temperatures. Mostly, investigations by means of TGA-
DSC-FTIR-MS determined the compounds listed in the 
relevant literature. [1] 

If PAs are investigated by VCI-combustion apparatus 
however, a trend of the obtained fire products could be 
detected. As the chain length of the PAs increases, the 
proportion of aromatic ring systems formed increases. The 
relative amount of nitrogen-containing compounds is linearly 
dependent on the Nitrogen content of the starting material.  

Mass Loss Calorimetry 
In the case of PAs of the AS type, the heat release rate 
determined by means of MLC is higher than that of the 
respective counterpart of the AASS type. 

As the chain length between the amide bonds increases, 
there is an increase in heat release. Formulation aids in this 
experimental part had an influence on the melting behavior, 
which was more uniform due to the addition of glass fibers 
and spheres. In the case of the PAs with ammonium 
polyphosphate-based flame retardant, only superficial 
charring could be generated at 35 kW/m², the critical heat 
flow, the melting behavior and the maximum heat release 
rate being inhibited. 

References 
[1] Levchik S. V., Weil E. D., Lewin M.; Revier Thermal decomposition

of alyphatic nylons;  Polymer International 48 1999; S. 532 - 
557 

BOOK OF ABSTRACTS Nordic Fire and Safety Days 2019

15



TRAFIR Characterisation of TRAvelling FIRes in 
large compartments 

Alastair Temple 
Fire Research 
RISE 
Lund, Sweden 
alastair.temple@ri.se 

Johan Sjöström, E Hallberg, F Kahl, J Anderson 
All: Fire Research 
RISE 
Borås, Sweden 

Keywords:  (5 key words) 
Fire, travelling, dynamics, experimental, compartment. 

Background 
Since the 1920s when attempts to research into the 

fundamental behaviour of building fires started in earnest, 
the focus has been on post flashover, or fully developed, 
compartment fires. These, particularly in cases where there 
is a low level of ventilation, can be theoretically described 
easily, and therefore converted into design relationships.  

This framework of fires led to the standard fire curves, 
and Eurocode natural fire model, which is a good 
representation of fires in small spaces, such as domestic 
properties. However, modern commercial buildings often 
have very large open plan, outside the applicability range of 
traditional fire models (e.g opening factor <0.2, height of 
<4m and area <500m2). A number of recent fires, observed 
to not follow traditional fire models [1] have caused severe 
structural damage, thus confirming the need for a new 
model framework to assess “travelling” fires in design.  

In the last decade three different travelling fire models 
have been developed, the Clifton, Rein, and Dai’s models 
(all summarised in Ref. [1]). They all simplify the complex 
problem differently and exhibit varying strengths / 
weaknesses. Mainly, there is insufficient experimental data 
available to validate any of them and gain trust from the 
public, industry and authorities.  

Experimental Series 
For this purpose, the TRAFIR project involved some large-
scale travelling fire tests. Some of these involved a 6m x 
18m steel structure with the aim to provide additional 
observations of the fire dynamics and heat transfer behavior 
of travelling fires. 4 pool fire tests (with a controlled 
“spread” rate) and one wood crib test, figure 1, (allowed to 
spread naturally) were conducted. 

Figure 1.  Photo from the wood crib test. 

Results 
The results from the tests are used for review and 

validation of both computational and simple design models. 
The modes of heat transfer in the far- and near field of the 
fire as well as importance of pre-heating are studied to 
assess weak structural elements in traveling fire scenarios. 
Figure 2 shows how column heating shifts from convective 
dominated (far-field) to radiation dominated (near field). 

Figure 2.  Column temperatures as the fire approaches for exposed 
flange (blue), web (orange) and shaded flange (green).  
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Abstract 
In case of fire, the visibility plays a major role as it 

limits the occupants’ orientation capabilities and the 
perception of signs. These effects are determined by the 
light extinction due to smoke or other aerosols produced in 
fires. The numerical prediction of the spatially varying light 
extinction coefficient is often used in life safety analysis. In 
order to extend the validation data base for this kind of 
simulations, a simple methodology to measure the spatial 
distribution of the extinction coefficient and a few examples 
are presented in this paper. Finally, measurements and 
analysis based on full scale experiments run in a smoke 
detector testing laboratory are shown. 
Method 
The presented method is based on the optical observation of 
an array of light sources during a fire. The smoke induced 
into the compartment leads to a drop in intensity of each 
individual light source. This information is used to deduce 
the extinction along the line-of-sight to the camera. 
As a light source, a LED-strip with about 150 diodes is 
vertically placed in the compartment, at a distance of 3 m 
away from the fire location. The camera, here a Canon 80D 
with a Canon 18-35/1.8 lens, was facing the LED-strip at a 
distance of 4.6 m. To capture the dynamics during the 
experiment, the images are taken every 5s, while all camera 
adjustments were turned off. This prevents any image 
processing in the camera itself, which would make the data 
useless for this purpose. In addition to the camera, a MIREX 
system was used to locally measure the extinction 
coefficient at a fixed height. 
Once the data is captured, an automated processing is used 
to locate the diodes on the images and determine their 
intensity. Here, the optical image of the small diodes is 
assumed to have a Gaussian shape, so that the optimisation 
algorithm is capable to identify the location of the diode’s 
centre and quantify the luminosity in a sub-pixel range. The 
result is a time series for each diode indicating the change of 
the relative luminosity, w.r.t. the initial values. 
Finally, a model for the extinction along each line-of-sight 
is formulated. It assumes, that the light extinction 
coefficient is distributed in homogeneous layers. The 

number of layers is a free model parameter. Given this 
spatial distribution of the extinction coefficient and the 
experimental geometry, each line-of-sight is impacted by a 
number of layers, of yet unknown coefficient values. An 
inverse modelling approach is used here to find coefficient 
values that match the modelled line-of-sight extinction with 
the observed luminosity drops. The final result is a time and 
height dependent distribution of the light extinction 
coefficient during the full experiment. 

The experiments took place at the University Duisburg-
Essen. The laboratory room has a cuboid shape with a 
variable ceiling height. The conducted fires follow the 
prescribed testing procedures from the German smoke 
detection norm DIN EN 54, where three fire scenarios were 
selected for this study. Exemplary fires, here a pool fire and 
a smouldering one, are shown in Figure 1. 

Figure 1.  Experimental impression of two fires defined in DIN EN 54. 
On the left hand side of each figure the LED-strip is visible, 
while the camera (right hand side) is facing it from a height of 
about 2.3 m. Left: Test fire TF2, right: TF5. 

As stated above, the camera took images of the LED-strip 
every 5 s. Following the outlined methodology, an 
automated procedure identifies individual diodes. This 
procedure is repeated for all diodes and a height dependent 
relative intensity is constructed. The inverse model uses the 
experimental data to determine the extinction in each of the 
layers, here 25 layers. This is done for all time steps and 
therefore the dynamics for the full experiment is captured. 
Based on this experimental data a detailed validation of 
numerical models, like FDS, will be conducted in future 
work. Especially for low power fires, a correct prediction of 
the transport mechanisms of smoke is important to predict 
reasonable activation times of smoke detectors. 
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Abstract 
High-rise timber buildings are becoming more and more 
common throughout the world. Fire Safety is generally an 
important component in high-rise buildings, which is 
currently up for debate in timber structures. A key issue is 
design for full burnout [1]. 

In lack of a model to describe full burnout of high-rise 
buildings, fire safety engineers use prescriptive acceptance 
criteria for non-combustible load bearing systems as 
reference in the design of combustible load bearing systems. 
This method neglect the possibility that fires in high-rise 
buildings, with variable amount of combustible surfaces, act 
different from ISO 834-standard fires where all surrounded 
compartment surfaces and external cladding is non-
combustible. In Europe, the fire resistance towards a 
standard fire of non-combustible high-rise buildings is 
ranging from 90 to 120 minutes [2]. Our experience is that 
structural designs for high-rise timber buildings are often 
within the same range of fire resistance. Alternatively, the 
fire safety engineer adds a “margin of safety” of x minutes 
extra standard fire exposure. By including this margin of 
safety, the engineer is aiming to achieve a level of safety 
above what the codes describes for non-combustible load 
bearing systems. 

Without a model to describe and design a full burnout of 
high-rise timber buildings, the level of safety achieved is 
unknown. No one can predict the possibility of collapse in 
an uncontrolled fire in a high-rise building. Many full-scale 
tests conducted recently [3], indicate that both fire severity 
and time to decay increases with increased amount of 
combustible surfaces. Tests also indicate that the decay 
period is longer with combustible surfaces. In combination, 
these factors should result in a design fire for combustible 
load bearing systems that is different from non-combustible 
systems. Hence, the design fire should include higher 
temperatures and longer design time until the temperature 
reaches critical level of 300°C than standard fires. 

In this article, we examine these important design fire 
factors and the effects of three major issues: First, we study 
to what degree the amount of combustible surfaces, i.e. the 
ratio between combustible surfaces and compartment 
surfaces (included combustible columns/beams) affects 

design fire characteristics. Second, we examine how 
horizontal and vertically traveling fires, which gives un-
even distribution of temperature in large compartments and 
flames and heat from fires in lower stories, affect the 
temperature and design fire in high rise structures. We then 
look into how this might explain the difference between a 
full burnout of a small compartment fire involving non-
combustible surfaces and typically design criteria found in 
codes which also corresponds with real high rise fire times, 
spending from theoretically 60 minutes in small 
compartments to code demands and real fire times of 
typically 120 minutes. Third, we examine how travelling 
fires, and specially vertical traveling fires, increases with 
increased amount of combustible surfaces and external 
cladding, resulting in even higher temperatures, longer time 
to start decay and longer decay period. 

Finally, the article will discuss the margin of safety 
needed when designing combustible load bearing systems 
compared with traditionally non-combustible load bearing 
systems. This includes a discussion of uncertainty in the 
design fire, uncertainty in material properties, uncertainty in 
charring rate in natural fires and uncertainty in fire 
protection systems – whether internal gypsum cladding of 
combustible surfaces can be considered equal as protection 
of steel and reinforcement in concrete.  
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Abstract 
The use of flammable foam as EPS, PUR, PIR and PF is in 
a strong increase in Europe for insulation of facades and 
roofs, and more high-rise buildings are built. The com-
bination of flammable facades and high-rise buildings 
challenges fire safety. We saw this clearly at the fire in the 
Grenfell Tower in London in June 2017, when 71 lives were 
lost during a very violent fire on the building's facade 
covered with flammable PIR foam and aluminum composite 
panels. The cladding was ignited, and the fire spread to the 
entire building [1]. This abstract address a main research 
question, whether foam plastic insulation on facades or 
roofs is sufficient safe. 

There are two dominant ways to insulate facades with foam 
plastic. One called ETICS, which stands for External 
Thermal Insulation Composite System, and is a solution 
where the insulation is adhered directly to a back wall of 
concrete, masonry or wood. A primer is applied, in which a 
reinforcing mesh is laid, and finally plastered. ETICS is one 
of the most common methods for energy renovation [2]. 
The other way to perform facade systems with foam plastic 
is the so-called ACP, which stands for Aluminum Com-
posite Panels [3]. In this solution, there is usually an outer 
casing where 2-layers aluminum covers a core of plastic for 
example polyethylene. Behind the outer cladding, there is 
typically a 50 mm air gap, and behind this a layer of insu-
lation, which is often PIR or another foam plastic. This 
structure is fixed to a back wall of concrete, masonry or the 
like. The air gap in the ACP solution is critical, as it can 
contribute to extremely rapid vertical fire spread behind the 
outer casing. There is also a risk, that the aluminum layers 
melts during a fire, resulting in further increase of fire 
spread. An ACP solution was applied on Grenfell Tower. 

In countries such as UK, France, China, Russia and Dubai, a 
number of fires have spread in similar ways in recent years. 
Flames spread up along facades and quickly ignite façade 
material above the hotbed. Furthermore, there is a risk of 
burning drips and facade parts fall down, and ignite material 
below. In this way, the building ignites in a vertical burning 
line, from which the fire spreads to the rest. Such fires 
demonstrate the importance of requiring documentation of 
the fire properties of foam insulation and plastic-based 
façade solutions [4] as well as quality control of the con-
struction principle applied. Foam plastic insulation is also 

widely used on roofs. Such roof fires may be extremely 
difficult for the fire brigade to extinguish. Furthermore, we 
have seen in Denmark, that roof fires can pose a serious risk 
to the roofers. 
In some cases, foam plastic materials are produced with the 
addition of flame-retardants in the plastic material and use 
of inert gases in the foam cells. The question is how to 
document that the flame-retardant substances and gases 
remain in place, despite environmental impacts such as 
moisture and thermal expansion when the foam is exposed 
to temperature fluctuations that occur in facades and roofs. 

Foam plastics can develop toxic gases. At the University of 
Central Lancashire, the content of smoke gases studied, in 
particular carbon monoxide, but also hydrochloric acid, 
hydrocyanic acid and hydrogen bromide [5]. For example, 
PIR or PUR foam develop hydrocyanic acid, which is 
extremely toxic. Results from [5] show, that only 8-10 grams 
of PIR or PUR foam, or 28 grams of EPS foam can develop 
up to 1 m3 of flue gas in lethal concentration. To conclude 
we must question, whether there are test procedures for the 
toxicity of flue gases from facade and roof structures with 
foam plastic insulation, including test for fire propagation 
after several years of use?. In some test methods, the material 
is tested in arrays where the hot gases and burning drips are 
led away, which is found problematic. New test procedures 
for the assessment of fire properties of foam plastic 
insulation in facades are developed [6], [7]. But, do they take 
into account the mentioned conditions? 

References 
[1] Harper, P., “Deadly” cyanide insulation foam used at Grenfell Tower
discovered at sheltered houses across London. The Sun. Available at 
https://www.thesun.co.uk/news/4458788/dcyanide-insulation-grenfell-
tower-sheltered-houses-london/ (2017) 
[2] Künzel, H., Künzel, H.M. and Sedlbauer, K. Long-term performance 
of external thermal insulation systems (ETICS). ACTA Architectura, 5(1),
pp. 11-24. Available at
https://www.ibp.fraunhofer.de/content/dam/ibp/de/documents/Publikatione
n/Fachzeitschriften/FZ_eng_4_tcm45-30936.pdf (2006) 
[3] Mills, J. How many more buildings in London have the same cladding 
as Grenfell Tower? Metro News. Available at
http://metro.co.uk/2017/06/15/how-many-more-buildings-in-london-have-
the-same-cladding-as-grenfell-tower-6711394/ (2017) 
[4] Crewe, R.C. et al.: Fire performance of sandwich panels in a modified
ISO 13784-1 small room test. The influence of increased fire load for
different insulation materials. Fire Technology, 54-4, pp.819-852. 2018. 
[5] Stec, A.A. Hull, T.R.: Assessment of the fire toxicity of building 
insulation materials. Energy and Buildings, 43. Pp.498-506. 2011. 
[6] Sørensen 2014 Sørensen, L.S. Fire-safety Engineering and
Performance-based codes. Polyteknisk. ISBN 978-87-502-0992-8. 1
edition, 2014. 
[7] Jørgensen 2018 Jørgensen, S.W. Fire safety in high-rise buildings. 
Prevention of vertical fire spread using firestop. Master Thesis. DTU Byg.
Supervisor Lars Schiøtt Sørensen, January 2018 

BOOK OF ABSTRACTS Nordic Fire and Safety Days 2019

19

https://www.thesun.co.uk/news/4458788/dcyanide-insulation-grenfell-tower-sheltered-houses-london/
https://www.thesun.co.uk/news/4458788/dcyanide-insulation-grenfell-tower-sheltered-houses-london/
https://www.ibp.fraunhofer.de/content/dam/ibp/de/documents/Publikationen/Fachzeitschriften/FZ_eng_4_tcm45-30936.pdf
https://www.ibp.fraunhofer.de/content/dam/ibp/de/documents/Publikationen/Fachzeitschriften/FZ_eng_4_tcm45-30936.pdf
http://metro.co.uk/2017/06/15/how-many-more-buildings-in-london-have-the-same-cladding-as-grenfell-tower-6711394/
http://metro.co.uk/2017/06/15/how-many-more-buildings-in-london-have-the-same-cladding-as-grenfell-tower-6711394/


Hot Surface Induced Combustion Properties of 
Typical Mixed Oils in A Wind Turbine Nacelle  

Fei YOU1  
1 College of Safety Science 
and Engineering & Institute of 
Fire Science and Engineering 
Nanjing Tech University 
Nanjing, China 
fyou@njtech.edu.cn 

Yu ZHANG2  
2 Jiangsu Key Laboratory of 
Urban and Industrial Safety, 
College of Safety Science and 
Engineering 
Nanjing Tech University 
Nanjing, China 

Wei SUN2  
2 Jiangsu Key Laboratory 
of Urban and Industrial 
Safety, College of Safety 
Science and Engineering 
Nanjing Tech University 
Nanjing, China 

Ping LI2,3  
2 Jiangsu Key Laboratory of 
Urban and Industrial Safety, 
College of Safety Science and 
Engineering, Nanjing Tech 
University, Nanjing, China 
3 Wentian College, Hohai 
University, Maanshan, China 

Keywords: (5 key words) 
wind turbine nacelle, mixed oils, pool fire, combustion 
property, hot surface 

Introduction 
A variety of multi-phase, multi-source and multi-location 
flammable substances including gear oil, hydraulic oil, 
grease, transformer oil, fiber reinforced composite shell 
materials, cables, sound insulation polyurethane foam are 
contained especially inside the top confined nacelles of 
Double-Fed Induction Generator (DFIG) typed wind 
turbines. Complex Mechanical and electrical components 
are also accommodated in the space. Leaked and 
accumulated oils on hot surfaces could cause a fire, which 
usually results in the totally ruined nacelles and blades, and 
sometimes injuries and deaths of the operation and 
maintenance personnel. It is indeed an urgent need to 
figure out the combustion properties and fire hazards of 
liquid oils in practical and designed fire scenarios in wind 
turbine nacelles. In recent two years, there have occurred 
some researches aiming at thermal and flammability 
hazards [1-3], identification of fire issues regarding wind 
turbines [4-5], fire growth simulations [6] in China, 
Sweden, U.K. and Spain. These pioneer studies point out 
future directions of improvement to some extent, such as 
fire properties, thermal decomposition, and potential fire 
sources selected. However, it is highly demanded to 
discern possible fire development scenarios.  

Combustion Behaviors and Properties of Mixed 
Hydraulic Oil and Gearbox Oil  
The Temperature profiles of mixed oils in pan of 13.0 cm 
(length)×13.0 cm (width) × 24.0 cm (height) are shown in 
Figure 1.    

The combustion behaviors and properties are mainly 
dependent on the surface tensions, compositions, dynamic 
viscosity, densities and mass loss rates of fuels during 
burning. Heat and mass transfers are affected both interior 
and outside the liquid oils. Fire spread mechanisms can be 
further figured out based on flow field structures etc..   

Results show that obvious heat and mass transfers 
emerge at interior of oils, between interface of oil and flame 

base, flame bulk and flame fronts, flame and entrained 
ambient air. Flame tips are sometimes lifted up from 
continuous bulk flames. With the increase of cross-sectional 
size of oil pans, the ignition time is shortened (up to 1048.0 
s), combustion duration is successively decreased 
(maximum 1980.0 s); the maximum temperature rises 
sequentially (up to 564.3 °C) within the oil, the first layer of 
flame-extinguishing temperature of the central axis 
increases sequentially (up to 489.2 °C). The larger size of 
oil pan, more quickly and violently the oil burns, and vice 
versa for the smaller size of oil pan. The transient 
temperatures at featured moments (especially after stretched 
flame) and peak temperatures of mixed oils are generally 
lower than that of single hydraulic and gearbox oils.  

Figure 1. Temperature profiles of mixed oils in pan of 13.0 cm 
(length)×13.0 cm (width) × 24.0 cm (height). 
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New more insulated and faster responding Plate 
Thermometer (PT) have been developed for measurements 
particularly in air at ambient temperature.  They are cheaper 
and more practical alternative to water-cooled heat flux 
meters (HFM).  The theory and use of PTs for measuring 
incident radiation heat flux and adiabatic surface 
temperature are outlined in this article, and comparisons of 
PT and HFM measurements are presented.  It is concluded 
that in hot gases and flames, only PTs can by recommended 
as convection then makes measurements with HFMs 
inaccurate, and the results are hard to interpret and use as 
input for temperature calculations. 

The PT records an effective temperature which is a 
weighted average between radiant and convective heat 
exposures.  It was introduced in international standards for 
harmonizing fire resistance furnace testing already in the 
1990’s.  Later its use has been extended to other application.  
Thus, it is now also used for measuring incident radiant heat 
flux as well as adiabatic surface temperature (AST).  The 
measurements can be used for calculating temperature of 
fire exposed structures [i] as well as of combustible items, 
for example for estimating risks of ignition.  

The generally the heat transfer to an arbitrary surface can be 
calculated as 

�̇�𝑞𝑡𝑡𝑡𝑡𝑡𝑡”  = 𝜀𝜀𝑠𝑠 ⋅ (�̇�𝑞𝑖𝑖𝑖𝑖𝑖𝑖” − 𝜎𝜎 ⋅  𝑇𝑇𝑠𝑠4) + ℎ𝑖𝑖 ⋅ (𝑇𝑇𝑔𝑔
− 𝑇𝑇𝑠𝑠)

Eq. 1 

The two exposure parameters, the incident radiation �̇�𝑞𝑖𝑖𝑖𝑖𝑖𝑖”  
and the gas temperature 𝑇𝑇𝑔𝑔 can be combined into one 
effective temperature, the adiabatic surface temperature 𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴  
which is a weighted average temperature between the 

radiation temperature 𝑇𝑇𝑟𝑟 ≡ ��̇�𝑞𝑖𝑖𝑖𝑖𝑖𝑖” 𝜎𝜎⁄
4

, and the adjacent gas 

temperature 𝑇𝑇𝑔𝑔.  𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴  can then be used for calculating the 
heat transfer to a surface with an arbitrary temperature 𝑇𝑇𝑠𝑠, 
see e.g. [i]: 

�̇�𝑞𝑡𝑡𝑡𝑡𝑡𝑡”  = 𝜀𝜀𝑠𝑠 ⋅ 𝜎𝜎 (𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴4  − 𝑇𝑇𝑠𝑠4) + ℎ𝑖𝑖 ⋅ (𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴
− 𝑇𝑇𝑠𝑠) Eq. 2 

Often the adiabatic surface temperature can be assumed 
equal to what is measured with plate thermometers, i.e. 
𝑇𝑇𝐴𝐴𝐴𝐴𝐴𝐴 = 𝑇𝑇𝑃𝑃𝐴𝐴 .  Then the formulas in e.g. Eurocode can be 
used by interpreting the AST as the fire temperature. 

To measure incident radiation in ambient temperature, plate 
thermometers with thicker insulated and thinner metal plates 
have been developed.  In the very latest design the thickness 
in the center is down to 0.2 mm, see Fig.1a.  Fig.1b shows 

standard PTs being mounted to monitor the fire exposure of 
a steel girder. 

a) Thin insulated PT  b) Standard PT at a steel element
 Fig. 1. Two types of Plate Thermometers 

Fig.2 shows results of measurements with a PT and an HFM 
at nearby positions in a façade test [ii].  Fig.2 shows the 
total heat flux recorded with water-cooled HFM and the 
incident radiation calculated based on the PT measurements, 
respectively. Notice that the total heat flux recorded by the 
HFM is due to convection almost 50 % higher than the 
incident radiant heat flux obtained from the PT 
measurements.  Comparisons of measurements of incident 
heat in air at ambient temperature with PT’s and HFM’s 
show, however, small differences [i].  

b)  
Fig. 2.  Heat flux based on PT (red) and HFM (blue). 

Summery.   
PTs can be used for measuring incident heat flux, new thin 
and insulated types of PTs can be used in ambient air. PTs 
are recommended to be used in flames and hot gases.   
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Abstract 
Several reevaluations of the fire safety level are carried out 
during building design, as new proposals and design 
changes occur. In this process the fire engineer can use a 
variety of methods to investigate and verify the fire safety 
level of the design [1]. The most applied methods are (1) 
hand calculations, which provide an overview and a first 
good guess of the design [2], (2) the two-layer zone models, 
which gives a good estimate of the mass flow and smoke 
height in simple geometries [2] and (3) fire models, which 
uses a computational fluid dynamics code (CFD) and are 
able to provide precise results in complex designs, but are 
computationally expensive to preform [2].  

Frequent changes during the design process favors faster 
methods for investigating smoke exposure and heat 
radiation etc. The method, which the fire engineer chooses 
to use, all have advantages and weaknesses when applied 
[2]. When calculating the smoke’s mass flow, the design’s 
complexity influences the chosen method – but how 
complex does the geometry have to be, before a two-layer 
zone model is invalid to use? This has not been specified – 
with good reason, as it is a hard question to answer. Where 
is the borderline of when the term complex applies in this 
context? It is therefore rephrased to the question: when is 
the two-layer zone model justifiable to use instead of a CFD 
model?  

The question above is limited to the case of rooms with 
suspended beams or technical installation placed under the 
ceiling to narrow the question down. The obstacles under 
the ceiling affect the mass flow of the smoke due to 
turbulence and therefore the time until critical conditions is 
reached.  In this analysis the use of two-layer zone method 
(Argos) is compared with a CFD model (FDS) [3] for a 
room with suspended beams.  

In the current work, the beams size and distance of the 
beams creates different scenarios, see figure 1. The 
scenarios are applied for both calculation methods to 
investigate the difference of each result. The deviation is 
mainly an error in the two-zone layer method due to 

Figure 1.  Scenarios of different dimensions is generated, investigated 
with each method and compared to create boundary conditions 

inaccuracy of the method. As an increasing amount of 
scenarios is investigated, a correlation between the beam’s 
geometry and the size of deviation in the two-zone layer 
method is determined. To be able to distinguish whether or 
not the two-layer zone method is valid enough, the size of 
the deviation is discussed. This results in a set of boundary 
conditions, or use boundaries, where the two-zone method 
is justifiable able to perform a valid analysis – or when the 
two-zone method will be invalid and a CFD model will be 
required for the design.  

The goal is to optimize the time versus reliability of the 
proposed design input provided by the fire safety engineer 
through the design process. The boundaries will serve as 
guidelines for fire engineers to assess, whether or not the 
simpler and quicker method can be efficient enough to 
perform the analysis. 
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Abstract 
The increased production, handling and storage of waste 
increase the risk for fires, which raises the need for 
requirements, recommendations and guidelines.  

A project was initiated to study statistics and to collect 
and analyse experiences from different waste sites, both from 
previous fire incident and from different preventive measures 
taken. The main part of the work was two workshops with 
representatives from waste handling sites, and studies of site-
specific documents. The work resulted in 33 
recommendations that can be used for development of 
requirements or guidelines. 

Background 
The ongoing transition to replace fossil fuels with different 
types of biofuels/waste fuels or increased material recycling, 
has led to a much more extensive handling and even greater 
stock of different waste fractions on the Swedish waste 
facilities. There has also been an expansion of waste 
incineration capacity within Sweden, which entails greater 
storage requirements in the industry. This also affects the 
risk for fires. This has identified a need for national 
requirements and recommendations in Sweden. 

Therefore, the Swedish Waste Management Association 
initiated a research project to provide increased knowledge 
about various fire hazards and advice on how these can be 
reduced by various measures, primarily based on practical 
experience from preventative measures and fire incidents at 
different facilities [1]. The project can be divided into three 
parts: Statistics, Workshops, and Analysis of site-specific 
documentation (Case studies: e.g. fire incidents). 

Statistics 
Analysis of Swedish incident statistics (from the Swedish 
Civil Contingencies Agency, MSB) indicates in the order of 
60-70 fires annually at large waste facilities. In most cases
the cause of fire is self-ignition or unknown. Focusing on
the category "fire not in a building", with relevant fires for
waste facilities, there is a slightly increasing trend in the
number of fires (2012-2015) [1; 2].

Experience from waste storage and handling sites 

The workshops were divided into six themes: reasons for 
fires; During the fire; After the fire; Handling of run-off 
water; Preventive work; and Future methods, trends and 
needs.  
Many incidents and fires are considered to be due to 
incorrect sorting or incorrect declared waste and the control 
of incoming material is therefore very important. Many 
participants identified batteries as an increasing problem. 

Case studies 
Among the site-specific documents, a number of fires at the 
involved waste sites were analysed and summarised, based 
on the incident reports. The details vary between the reports. 
Some general comments were on how to handle the run-off 
water and the affected material after the fire. Some of the 
fires were difficult to extinguish and the importance of 
having access to material to cover burning material with was 
emphasized. In some cases it was applied for exemption to 
put the damaged material at a landfill since it was not 
suitable for combustion. 

Recommendations 
Based on the results, 33 different recommendations were 
derived and for each recommendation comments were given 
on both the reason for the recommendation and on how the 
recommendation could be fulfilled. The results have also 
constituted a base for further discussions with the waste 
handling sector to develop recommendations agreed on 
within the sector. 

Presentation 
The presentation will include description of the methods 
used in the project, but the focus will be on the obtained 
results on statistics, experiences from occurred fires and 
experiences from the preventive work at different sites and 
how this led to the derived recommendations 
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Introduction: The number of workplace fires in Denmark is 
declining at a slower rate than residential fires. During the 
period 2008-2017, there has been a decrease of 8 % in 
workplace fires and a decrease of 15 % in residential fires. 
Moreover, a recent study from the Danish Emergency 
Management Agency demonstrated that 16 persons were 
injured at industries that either use or store flammable 
liquids or gasses1 during 2016-2017, and that approximately 
25 % of the same industries had deviations identified at fire 
inspections.  

Figure 1.  Turn-outs to fire/risk of fire, Denmark 2008-2017 

The aim of the present study is to investigate in detail, 
incidents that occur at industries, institutions and 
infrastructure, which are considered critical to society, and at 
places that are regulated as risk companies due to the nature 
of their activities or amount or types of chemicals (Seveso 
regulation). Furthermore, the study will address the causes 
for the incidents as well as existing emergency planning 
procedures in order to identify possible areas for further 
attention.   

Methods: The study includes nationwide reports on fire- 
and rescue service’s emergency responses for 2016-2017. 
These reports were collected using the Statistical Bank for 
the fire and rescue services . Inclusion criteria for data 
selection from these reports were:  Real alarms due to 
fire/risk of fire, spills/releases, collapses, and aircraft/trains 
accidents or risk of. Locations included industry and 

agriculture, hospitals, petrol stations, transportation network 
incl. roads, airports, railways, bridges, tunnels, harbors, 
communication infrastructure, and waste handling centers. 
Minor spills and fires at roads were excluded.  

Results: The selection criteria resulted in 4.223 reports 
during 2016-2017. The distribution of incidents at various 
locations is presented in Table 1 below.   

Table 1: Incidents per location, Denmark 2016-2017 

Results for the main groups in table 1 will be presented at 
Nordic Fire and Safety Days. A short outline of table 1 
shows, that out of 1.710 incidents 1.453 real fires occurred at 
industries, 1.324 (91 %) occurred in buildings, whereas 129 
(9 %) took place outside at stock areas. Building fires were 
considered intentional in 82 (6%) cases, due to electrical 
problems in 84 cases (6 %) and due to heat-related work in 
227 cases (17 %). 
The challenges that  the fire and rescue services were faced 
with in accessing these locations, included absence of keys 
or having access to the wrong keys, lack of contact with a 
company representative, lack of information about specific 
risks e.g. pressurized cylinders and chemicals.  

Conclusion: With a real case example from an industry, 
this study reveals that specific risks can be identified for 
different locations and that a number of challenges exist for 
the fire and rescue services that should be easy to overcome 
– in principle.
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Recent research, new fire design concepts, improved 
knowledge in fire design of timber structures as well as 
technical fire safety systems has led to building code 
relaxations for the use of timber in buildings [1]. There is 
however a lack of statistical information on the fire 
performance of large and high timber buildings, in all 
countries [2]. The aim of this thesis is to bring together such 
statistics and relevant regulatory requirements from several 
countries, and compare them. So far, statistics from four 
countries are included in the study: Canada, Finland, New 
Zealand and the United States. The statistical analysis on 
timber-framed buildings only involves residential buildings 
with more than two stories. 
Table 1. OLS regressions on value of loss/VAR for select variables in two 
Canadian provinces [3, p. 41]. 

Independent 
Variable 

Alberta Dollar 
loss/VAR 

BC 
Dollar value of 
loss/VAR 

Wood –0.01(0.07) –0.17(0.06)**
Wood plaster –0.15(0.07)* –0.22(0.05)***
Heavy timber –0.03(0.23) –0.21(0.15)
Exposed steel –0.13(0.14) –0.35(0.10)***
Steel & 
concrete 

–0.24(0.11)* –0.34(0.09)***

All probabilities are two–tailed tests. * p≤0.05; ** p≤0.01; 
***p≤0.001. 
Standard errors are reported in parentheses. 
Previous studies on the same subject 

University of the Fraser Valley, Centre for Public Safety 
& Criminal Justice Research, published an extensive review 
of the role of insurance in reducing the frequency and 
severity of fire losses in December 2017 [3]. It included a 
severity fire loss analysis limited to two provinces, Alberta 
and British Columbia. To estimate the severity of an incident 
of fire loss, two marginally different metrics were used, one 
for each respective province. 

The negative values indicate a negative association of the 
variables to the fire severity loss. Values of coefficients of 

variables shown are not consistent between provinces, which 
would indicate that the variables are not correlated to the fire 
severity. Using these two models, the authors could show 
positive association between no manual fire protection and 
fire severity, as well as the low education variable, but such 
results can hardly be seen as surprising. 

Finland 
Finnish VTT (Teknologian Tutkimuskeskus VTT Oy) and 
Helsinki University of Technology published Kati 
Tillanders dissertation for the degree of Doctor of Science in 
Technology in 2004 [5]. The dissertation utilized statistics 
to assess fire risks in buildings and was the first relatively 
broad statistical study using the national accident database 
PRONTO. The work concentrated on ignition frequency, 
economic losses of fires and the fire service´s response in 
the event of building-fires. 

The cumulative distributions of fire loss in the subgroups 
showed differences between the materials that were 
statistically significant, e.g. the total loss in timber-framed 
apartment buildings was larger. The reason for this is 
partially explained (by the author and statistics) by spread of 
fire beyond the ignition compartment which was more 
prevalent in timber-framed buildings as well as the 
contributing factor of the surface layer which more often 
boosted the fire in timber-framed buildings comparted to 
other types of construction.. 
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Introduction 
Swedish local and national authorities are responsible for 
responding to accidents or imminent danger of accidents, 
such as building (enclosure) fires, and to prevent or limit the 
damage incurred by people, property or the environment 
(see Civil Protection Act 2003:778). It is especially difficult 
to estimate how different decisions will impact resource 
sustainability and the environment. Fires contribute to 
contamination of air and possibly also to surface water, 
groundwater, sediment, and soil [1-3] in the natural and 
built environments. In some cases studied previously, it was 
found that replacement of the materials damaged by fire had 
a much higher environmental impact than all other aspects 
of the fires combined [4]. The impact of responding to 
enclosure fires, including both tactics and use/choice of 
suppression media, can also have a negative effect on the 
environment [5].  

While much research has been devoted to characterizing the 
contaminants found in fire effluent, very little work has 
been done to bring this complex body of knowledge to 
organisations such as responsible authorities and responders 
in a form that enables them to understand the environmental 
consequences of choices made to protect people and the 
environment from vehicle and enclosure fires. 

Approach 
The Fire Imp tool, based on environmental risk assessment 
(ERA) and life cycle assessment (LCA), was developed for 
understanding the potential environmental consequences of 
decisions regarding which type of response is appropriate to 
use for a vehicle or school classroom fire incident. 
Improved understanding about whether the environmental 
damage incurred by a fire will be reduced, remain 
unchanged, or be increased by fire protection decisions will 
help authorities, fire protection engineers and builders fulfill 
their obligations to the Civil Protection Act.  

The Fire Imp tool uses simplified fire growth models to 
predict the emissions from vehicle and classroom fires. ERA 
is used to identify impacts to receptors in the immediate 
vicinity of the fire, such as surface water, groundwater and 
soil contamination.  LCA is used to identify global impacts 

related to replacement of damaged or consumed materials, 
travel to/from the incident, and disposal of suppression 
media and soil. 

The tool is a spreadsheet in which users enter information 
about response scenarios involving a vehicle, for example 
the type and amount of suppression media used and the 
percent of fire water run-off that goes to soil or surface 
water. For enclosure fires additional information is input 
about the fire, such as the fuel load, size of compartment, 
ventilation, etc. Users can enter one or two response 
scenarios for both vehicle and enclosure fires, which are 
compared to a reference case in which responders arrive and 
prevent the fire from spreading but do not attempt to 
extinguish it. 

Conclusions 
The Fire Imp tool can be used for pre-planning and training 
so that responders can more readily answer questions about 
the environmental risks at vehicle and school fires. For 
example, when is it best to let the fire burn? What are the 
environmental trade-offs regarding the amounts and types of 
suppression media used?  
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The wildland fire season in boreal Europe occurs between 
March and October depending on geographical location, 
with grass fires starting in early spring and forest fires 
extending throughout the summer. Incidents outside this 
season are rare. Despite being rare, winter fires are not 
unique. Examples include the fires in Laerdal, Frøya and 
Flatanger (Norway) in January 2014 [1]. Fires during winter 
are also occurring on the British Isles such as recently in 
Arthurs Seat and Saddleworth Moor in February 2019 [2].  

The main controls for fire spread are wind and moisture 
content of the ground vegetation. Commonly, precipitation, 
cold temperatures and a high relative air humidity during the 
Scandinavian winters will lead to unfavorable conditions for 
fire initiation and spread. However, periods with high risk do 
exist, and might become more frequent with a changing 
climate [3].  

The Swedish Contingency Agency employ the Canadian 
Forest Fire Danger Rating System (CFFDRS) for risk 
assessments during the fire season [4]. Risk levels are 
indicated by indices, relating to weather parameters taken at 
24-hour intervals. Risk assessment is based on the risk index
Fire Weather Index (FWI). Two of the sub-indices in FWI
reflect the fuel moisture content of fine fuel (such as needles,
leaves and moss) at the surface (FFMC) and the sub-surface
duff layer (DMC) respectively.

The normal FWI-model is not completely adequate for 
adaption to a Swedish environment because (1) it cannot 
account for instantaneous weather effects and variations over 
the 24-hour cycles and (2) prediction of moisture content in 
the fine fuel is not calibrated for Swedish fuels. Also, for 
forecasting risks outside the normal fire season, (3) the 
moisture in the fuel layers cannot be predicted for 
temperatures below -1.1℃. An updated risk model (hFWI) 
[5], based on hourly weather data, solves the issue of 
capturing instantaneous weather, but fails to predict the 
moisture content of the fuel. The consequence is a model that 
alerts when there is no risk. 

This study evaluates fire risk of typical Swedish ground 
fuels in cold conditions. Drying rates of moss-dominated 
(Pleurozium) are obtained from small scale experiments, and 

spread rates are indicated by field-experiments in typical 
Swedish vegetation. 

Two new models are presented – one where modelling 
parameters in hFWI have been fitted to Swedish fuel and 
weather conditions – and one model that is not limited to the 
hFWI modelling equations, but is built on observational data 
from the experiments. In both models, the effect of solar 
radiation has been added, and the submodel for the humus 
layer is modified to account for drying rates below -1.1℃. A 
third modification relates to the component from very deep, 
compact organic layers in the original models from 
CFFDRS. This contribution from downed wood, dead trees, 
deep humus layer has limited applicability for Swedish 
forests. Hence the contribution thereof has been removed [6].  

The models are tested against the Norwegian fire 
incidents in January 2014 and to other historical situations in 
Sweden. Both models show promising results, with no false 
alerts, however more validation is needed. 

References 
[1] Anon. (2014). Brannene i Lærdal, Flatanger og på Frøya vinteren

2014: Læringspunkter og anbefalinger, Oslo: Direktoratet for
samfunnssikkerhet og beredskap (DSB), ISBN 978-82-7768-342-3. 

[2] BBC. (2019). Firefighters tackle Arthur’s Seat blaze. BBC News, 02 
27. 

[3] Yang W. et al. (2015) Multi-variable bias correction: application of 
forest fire risk in present and future climate in Sweden, Nat. Hazards
Earth Syst. Sci., 15, 2037-2057.

[4] Van Wagner, C. E. (1987). Development and Structure of the
Canadian Forest Fire Weather Index System, Ottawa: Canadian 
Forestry Service

[5] Wang, X. o.a. (2017). cffdrs: an R package for the Canadian Forest
Fire Danger Rating System. Ecological Processes, 6(5), p. 1 

[6] Sjöström, J. Vermina Plathner, F. & Granström, A. (2019).
Vegetationsbränder under vintersäsongen – Kunskapsunderlag och
förslag till riskmodell (Unpublished report), Karlstad: MSB. 

BOOK OF ABSTRACTS Nordic Fire and Safety Days 2019

27



Fire protection for weak citizens  
Saving lives as an objective 

Torbjørn Laursen 
R&D 
Fire Eater A/S 
Hillerød, Denmark 
tl@fire-eater.dk 

Keywords: Fire, Safety, Life-saving, Weak citizens, Elevated risk 

Background 
Fire deaths are very often related to weak citizens: elderly in 
nursing homes and living alone in apartments due to 
shortage of nursing home availability, psychiatric patients 
and drug/alcohol abusers, and other citizens with reduced 
cognitive function, and handicapped persons. 

In 2004 a campaign was launched in Norway 
addressing weak citizens “Keeping safe in your home”. The 
campaign was advocating both education, fire prevention, 
fire detection and fire extinguishing.  

Actual measures had to be implemented by the 
municipalities. Tønsberg municipality decided to search for 
methods to secure that no citizens would in the future die 
due to fire in municipality owned/managed facilities.  

A research project was launched where the use of 
Inergen was investigated to be able to extinguish fire in its 
early stage. It was concluded that a well-designed and 
managed Inergen system would be a useful method to 
achieve the objective. Fire Eater was invited to participate in 
the project and developed components and system design to 
make it financially acceptable without compromising the 
reliability and safety. 

Is oxygen reduction for weak citizens actually safe? 
The safety of Inergen is well documented in medical 
science. But the majority of medical studies are carried out 
on “young healthy males”. So will it work for people with 
COPD (DK: KOL, NO: KOLS). 

According to Doctor Erlend Skraastad, Dr. Med. St. 
Olav Hospital, Trondheim, (1) safety is well maintained for 
weak citizens in the concentrations relevant to fire 
extinguishing (10-12,5% O2 with 3,5-4% CO2) for 
exposure times up to 30 minutes. It is expected that some 
individuals may experience discomfort, but it will not be 
unsafe. 

Further to the medical review performed by Erlend 
Skraastad Fire Eater has performed tests on a 
medium/severe (50% lung capacity) COPD patient. The 
exposure was well tolerated, but led to a surprising finding: 
The test persons experienced a positive effect on breathing 
and well-being after the exposure, and has over the past year 
been in testing frequently. During this period the lung-

capacity has increased continuously and is now at 62%. 
Research has now been initiated to investigate if the 
therapeutic effect can be used in broader scale. 

Experience in use 
Fire Eater has supplied to a secured psychiatric institution 
(Tønsberg), and to nursing homes in several municipalities 
in Region Hovedstaden, Denmark (Gladsaxe, 
Frederikssund, Fredensborg, Gentofte). 2 fires have been 
handled in the earliest stage, fully extinguished without any 
issues at all.  

Several senior citizens have participated in full-scale 
tests without signs of discomfort when the extinguishing 
systems were demonstrated in the nursing homes.  

Inergen has proven a safe, efficient and totally clean 
solution for this application. It is 100% bacteria free (no 
legionella risk), can be activated before the fire becomes life 
threatening, and largely eliminates the need to relocate the 
weak citizen after an incident. 
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Abstract 
Fire is a significant challenge for today's society and leads 
each year to major losses both in terms of fire fatalities and 
injured people, and in the form of lost values. A report from 
the Research Council of Norway (RCN) in 2016 points out 
that the challenges and the risks must be met with research-
based knowledge [1]. The efforts in this field have until now 
not been in relation to the challenges. Based on a private 
donation, RCN in 2018 published a call for applications to 
establish a fire safety research centre in Norway.  

As a result of this initiative, the Fire Research and 
Innovation Centre (FRIC) was started in spring 2019. FRIC 
has received funding for five years, with a possible 
extension for three more years. The main objective of the 
centre is to increase the knowledge within the field of fire 
science in order to support decisions and develop better 
solutions providing increased fire safety in buildings. 
Increased safety for firefighters and for residents, especially 
the elderly and other vulnerable groups, are also part of the 
goal. The establishment of FRIC shall strengthen 
cooperation, and lead to a long-term increase of competence 
and dissemination of knowledge within the fire safety field.  
FRIC shall be a leading centre within fire safety science both 
nationally and internationally.  

The work in the centre is organized into four work 
packages as shown in Figure 1.  

Figure 1.  Work packages in FRIC 

Investigation of fires will be used as a tool to study why 
and how fires develop. An issue may be to analyze how 
different building materials and technical installations affect 
the fire development. Another issue may be how 
organizational measures and people involved affect the 
consequences of a fire. The investigations will provide the 
basis for further development of products, services and 
regulations to improve fire safety. 

In the effort of developing zero emission and energy-
efficient buildings, new technologies are introduced. A rapid 
development is ongoing, for instance regarding solar cells, 
batteries and other energy storage systems, building 
materials and construction solutions. In addition, new 
technologies make buildings smart in different ways. It is 
important that such innovative solutions do not pose any 
increase in the fire risk, they should rather lead to increased 
fire safety. The research in FRIC will identify and evaluate 
the fire risk and fire safety of various technologies and 
thereby improve the fire safety related to technology in 
buildings. Multidisciplinary cooperation across the work 
packages is a prerequisite for development of good 
solutions.  

The research centre has partners from the public sector, 
consultancy engineers, manufacturers of building materials 
and building installations, as well as within real estate 
development and management. An important partner is the 
local fire and rescue service, which represents a central 
target group for the research. International collaboration will 
also be an important part of the activities. 

FRIC is mainly focused on technical issues related to 
fire safety. In 2019 two new research projects, most 
probable within the topics health risks and at-risk groups, 
will be funded by RCN. These projects shall collaborate 
closely with FRIC, and will thereby strengthen and extend 
the scope of the fire safety research.  
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With the adoption of the Energy Performance of Buildings 
Directive (EPBD) in May 2018, the European Commission 
is supporting its Member States on the renovation agenda.  

Indeed, it is estimated that around 35% of buildings in 
the EU are more than 50 years old and that 75% of them are 
energy inefficient [1].  Additionally, fire safety has become 
an integrated element in the legal text. Mentioned in two 
articles, Member States are asked to consider fire safety not 
only for buildings undergoing renovation, but also in their 
long-term renovation strategy. However how this can be 
applied within the EU is a complex matter, as fire safety is a 
national competence.   

With the entry into force of the EPDB and the 20 
months’ deadline to implement the updated regulation 
within national law, Member States have now to consider 
how fire safety can be assured. The EU Commission is 
preparing guidelines to facilitate the implementation of the 
new elements, but at the same time, is being very careful in 
making only general recommendations. 

Consequently, each Member States can make their own 
interpretation and will take the measures they see fit for 
purpose. With a renovation rate between 0.4-1.2% of the 
stock each year [2], there is a clear gap between the 
renovation rate and the goal set to decarbonise the building 
stock in the EU by 2050.  To meet that goal, energy efficient 
renovations as to increase to at least 3% of the total floor 
area of buildings owned and occupied by central government 
[3].  The challenge is that to meet this target, renovation 
projects will be started and completed quickly, and the risk is 
that fire safety is not properly dealt with. 

Renovation projects present many designs constrains 
because existing buildings have been design following old 
prescriptive fire safety regulations that have constantly been 
modified and upgraded. In the ideal scenario, every major 
renovation project should raise the safety level of the 
building and ensure compliance with the most advanced fire 
safety principles and requirements that are currently 
available. However, in many cases such major design 
upgrade is not feasible because of the geometrical constrains 
of the existing construction or because the cost of such 
major transformation will force the building owners to 
abandon the renovation project, which will have a major 

negative impact on the Energy Performance objectives 
imposed by the European Commission. 

As a matter of principle, it is important to ensure that 
refurbishment measures will not compromise or degrade the 
intended/original fire safety level of the building. This can 
be achieved by complying with the following basic fire 
safety principles:  

• Renovation shall not introduce new critical fire
scenarios that are not addressed by the original
design of the building,

• Compartmentalization shall not be compromised by
the renovation measures,

• The renovation measures shall not require the
redesign of means of egress or the change of the
evacuation strategy (complete evacuation, stage
evacuation or defend in place),

• Fire fighters shall be provided with adequate
provisions for extinguishing fire.

As we are discussing the EU context, we also need to 
consider other elements such as the difference in using fire 
safety engineering and the building traditions.  Not all EU 
countries have a tradition of using fire safety engineers 
when building or renovating. Who will take the lead in 
assuring fire safety if not fire safety engineers? Regulators 
have an important role to play in assuring that their 
regulations are fit for purpose and as fire safety regulations 
are not the same in each country, it becomes impossible to 
develop recommendations that would be identical for all.   

Therefore, following a few basic principles supporting 
architects, clients, and local regulators to maintain the 
original fire safety level of buildings or even improve it 
should be the target. 
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Norwegian railway tunnels might be considered safe with 
regards to fires and serious accidents. However, some risk 
must be associated with events that includes fires. Since 2014, 
the Norwegian Railway Authority has received 35-40 
notifications of dangers of fires in tunnels. Tunnel fire safety 
is also a task that must be considered in Norway. 

The study reported in this abstract has investigated how 
stakeholders in the Norwegian railway sector interprets the 
function based regulations and the stakeholders approaches 
and attitudes to safety levels in railway tunnels. Tunnel safety 
and tunnel fire safety in particular is important since such 
events have catastrophic potential. This is seen all over the 
world, such as in Kaprun - Austria, Daego – South Korea, and 
Baku –Azerbaijan. Lately, the society has seen discussions in 
the railway sector about the necessity to implement fire 
ventilation and provide fire water in order to facilitate fire 
rescue and operations from fire departments. The major issue 
with the study has been: 

Amongst stakeholders in the Norwegian railway sector, why 
emerge contradictory views on the fire safety level in railway 
tunnels?  

In order to work with this issue Jens Rasmussen’s 
sociotechnical model is chosen. This model presents and 
discusses the interactions and roles between the various 
agencies and actors in the sector and how they influence each 
other. The interplay has been important in the explanation of 
the conflicting views.  

The study is qualitative, seeking as rich data material as 
possible, firstly from documents (regulations, codes, norms, 
guidelines, reports etc.) and thereafter interviews with 
representatives from major actors in the railway sector. It was 
important to reveal their personal views and attitudes towards 
function based regulations, the contents, fire safety risk, and 
rescue from tunnel fires.  

The major findings from the study is that various agencies, at 
least their representatives understand the concept of tunnel fire 

safety very differently. It is seen that individual point of views 
affects the safety management processes. Some stakeholders 
are very concerned about the fire prevention work for the 
tunnel fire safety designs, while other associate tunnel fire 
safety from a view where fires have already occurred. They 
articulate that there must be some worst-case scenario because 
there will always be a risk. 

The latter persons who emphasize a worst-case attitude, seem 
to have a tensed relationship to cost-benefit assessments, 
which is different from those claiming a “holistic” view 
towards safety. In a holistic view to safety, they express, fires 
will not be treated explicitly. They accept that in a cost-benefit 
perspective it will be wiser to spend resources on other risks. 
These contradictions are connected to the various interests of 
the parties, and thus various goals with the safety work are 
experienced among them.  

The findings from the study directs towards ambiguity of 
which events should be regarded as design scenarios or 
dimensioning events. Some stakeholders claim that the tunnel 
fire safety is good and the probability of a major fire is so low 
that it can be neglected. Other stakeholders have an opinion 
that the uncertainties associated with tunnel fires must be 
given weight, and that the tunnel owner must consider tunnel 
fire as a design assumption. Currently there exist no consensus 
on how to manage tunnel fire risk, which is a difficult 
situation for authorities administering function based 
regulations. 

The study recommends that work to be initiated that challenge 
the issues amongst the stakeholders in order to reveal what 
knowledge could be regarding necessary and important for 
decisions about tunnel fire safety. During this process the 
stakeholders should conclude on dimensioning scenarios and 
how to develop the design basis. The study suggests that the 
authorities, such as the Norwegian Railway Authority and the 
Norwegian Railway Directorate, establish the work. This is 
especially important now since the railway sector is in a 
period of change and new commercial interests enter the 
scene.
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Abstract 
The fire departments’ main responsibility is to prevent fires 
from occurring and to respond to fires when they occur [1]. 
Traditionally the preventative work have been focusing on 
inspections of buildings with a large potential for fire 
fatalities (e.g. hospitals, hotels and schools), where the fire 
department mostly assessed whether the buildings were in 
accordance with detailed requirements in standards and 
codes. From January 2016, however, new regulations on fire 
prevention took affect and requires the fire departments and 
municipalities to adopt a risk-based fire prevention approach 
[2]. A main reason for this shift was the increased awareness 
risk exposed groups and the need to focus the preventative 
effort towards those who are at risk for perish in fires [3]. 

A risk-based fire prevention approach [2] follows the 
principles of traditional risk management [4]. These 
principles are widely accepted and used with success across 
sectors and industries. Still, the fire departments are 
struggling with this, and the Norwegian Directorate for Civil 
Protection (DSB) are stating that it is usually difficult to see 
the connection between risk analyses and the dimensioning 
and prioritisation in the fire departments [5]. One 
explanation could be the lack of tools and methods that are 
available for the fire departments to help them manage the 
fire risk – the existing guidelines provided by DSB on this 
topic only covers risk-analyses [6] and building inspections 
[7]. 

In this paper, we will discuss how the principles of risk 
management can be adapted and used by the fire department 
to manage the society’s fire risk. A main challenge is that the 
fire department per see is not the “owner” of the fire risk – 
they can only influence other actors to implement necessary 
fire preventative measures. In the case of public high-risk 
buildings, this is pretty much straightforward as the fire 
department with the use of the law and sanctions can “force” 
the buildings’ owners to reduce the risk.  

When it comes to at-risk groups, however, it is more 
unclear who to influence and how. Individuals in need of 
health care but not living in institutions, which is most of the 
at-risk groups, are the responsibility of the municipality [8]. 
But, the municipal health service is a many-headed system, 
with challenges both regarding regulation, organisation, and 
cross-sectoral collaboration [9,10]. Cooperation, therefore, is 
a key factor in order to succeed with reducing the risk of fire 

both at the society level and at the single risk-exposed 
individual level [11]. 

We will conclude our discussion in this paper with 
suggestions on how fire departments can use risk 
management principles to manage the society’s fire risk in 
cooperation with the various “owners” of the fire risks. 
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Abstract 
In this study we will investigate how The Norwegian 

Directorate for Civil Protection (DCP) expresses risk in the 
fire-legislative and regulative framework, and look into 
possible implications on the risk-based regulation of fire 
prevention. 

The DCP launched, in 2016, a new and modernised 
regulation of fire-preventive work, with a change from 
prescriptive rules towards functional rules and risk-based 
regulation [1]. Here, regulation is understood as “systematic 
risk based fire preventive work”, where “risk mapping” 
should be the basis for the fire-preventive work and allocation 
of resources [2]. 

However, DCP’s approach are not in accordance with 
newer research on risk-based regulation. According to Black 
and Baldwin, risk based regulation can be understood as “the 
targeting of enforcement resources on the basis of 
assessments of the risk that a regulated person or firm poses 
to the regulator’s objectives” [5, p. 181]. This is a complex 
and nuanced strategy suitable to use in risk situations 
characterised by uncertainty [5], which fires represents. 

Risk defined as “probability * consequence” is used 
throughout the fire-legislative and regulatory framework 
[1,2,6,7], and should be guiding the process of “risk 
mapping” [1]. On this basis, we can assume that “probability 
* consequence” constitutes the Norwegian fire authorities’
basic understanding of risk. Together with a linear
understanding of accidents, influenced by energy and barrier-
models [3] and the bow-tie-diagram [2], it can be argued that
the fire-preventive work is highly influenced by barrier
thinking. Thus, regulatory means like fire inspections are by
the DCP understood as barriers to reduce the probability and
consequence of fire, which is also stated as the main purpose
of the 2016 regulation [1]. This creates a discrepancy, where
a lot of responsibility is placed upon the fire authorities, while
the intention with a functional and risk-based regime is to
place more responsibility upon the regulatees.

The newest regulatory guidelines [2] also encourage risk 
assessors to find the “real risk”, implying an over-confidence 
in probability estimates and a belief in risk as a true objective 
measure [9]. However, in the risk research community, there 
is an ongoing debate regarding the probability definition of 
risk, criticizing it for providing a too narrow view and 

concealing important aspects of uncertainty [4]. The 
understanding of risk in regulation of fire prevention is thus 
limited and problematic. 
 A major challenge for the Norwegian fire authorities is to 
broaden their perspective and understanding of risk. To make 
the risk-based framework work properly, the DCP has to 
update the conceptions, methods and strategies to analyze, 
assess and manage risk in accordance with new knowledge. 
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Introduction & method 
In 2018 The Danish Emergency Management Agency 
(DEMA) published a report analyzing fatalities caused by 
household fires in Denmark. The report showed that there 
were a high proportion of people with both physical and 
functional disabilities and substance abuse among the 
deceased1. On the basis of these findings, the aim of this 
report is to explore trends and tendencies for fires in assisted 
living residencies in Denmark. Assisted living residences 
being defined as homes that house people, who have 
significant physical or mental impairment and/or social 
problems and need special support on an either short- or 
long term timespan.  

The data, on which this report is based, were approved 
emergency reports from municipal fire and rescue services in 
Denmark. The report exclusively examines data from Usage 
Category 6 in the Danish Building Regulations, which 
compromises buildings for both daytime and night time 
occupancy, where the specific focus are occupants, who due 
to mental and physical disabilities, are not capable of taking 
themselves unaided to a place of safety.  
Additional data from Statistics Denmark have been included 
to estimate the proportional difference of fires occurring in 
assisted residential homes and rest of the population.  

The report has applied both descriptive and analytic 
statistics to uncover the trends and tendencies for fire, as 
well as whether there are significant differences in the 
occurrence of fire compared to the general population.  

Results  
The report identified that 71 % of all “real alarms” received 
by municipal emergency services were fire related.  41 % of 
all fire incidents were caused by smoking, 22 % were 
cooking related and 20 % were due to general negligence.  
Among the primary findings are, that the possibility of a fire 
occurrence in assisted living residences is almost 6 times 
greater compared to the general population. Also, the report 
revealed that there is a 3, 4 greater proportion of intended 
fire incidents in assisted residential homes than in private 
homes2.  

Moreover, the report indicates that preventive measures 
should focus on smoking and cooking activities. Measures 
against smoking and cooking could result in an immediate 
decrease of “blind alarms,” but would also minimize the 
relative risk for fire in general. The report revealed that fire 
incidents related to smoking and cooking happen throughout 
almost every hour of the day. Previous scientific studies have 
documented that 70 % of the socially vulnerable smokes 
daily, whereas 18 % of the general population smokes daily3, 
thereby underpinning the high risk for fire in assisted living 
residences.  

Discussion 
As stated, there are a high number of residents, who smoke 
on a daily basis and the high level of intentional fires at 
assisted living facilities. Combining these circumstances 
with the difficulties that residents living at assisted living 
facilities may have in taking care of themselves in case of 
fire, gives the employees at these facilities a substantial 
responsibility on securing the safety of the residents. 
Training, exercises, and being familiar with own 
responsibilities in case of fire seems essential. 
Consequently, an intensified focus on exercises and training 
in case of fire could further decrease the occurrence of fire 
incidents due to staffs increased knowledge of preventive 
measures and what factors/behavioral tendencies lead to fire 
incidents in these residencies.  
Moreover, further analysis on the existing culture and 
prioritization of fire safety measures among members of 
staff and management could be relevant. An assessment of 
what barriers exist in mitigating future fires and 
disseminating possible preventive measures, which staff and 
management can implement, are possible areas of research 
that could create a better foundation for future analysis 
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Introduction 
The Waste materials for Antimony substitution in flame 
retarded POLymers (WAPOL) project is investigating the 
use of fly and bottom ashes as full or partial replacements 
for commercial flame retardants (FRs) in polymers. The fly 
and bottom ashes are part of the waste stream from 
municipal and industrial incinerators and would normally be 
sent to a landfill if not used for another purpose, for 
example in the construction industry [1-3]. Fly ashes are 
considered hazardous and are typically encased in concrete 
prior to landfilling [4]. Using these waste-derived products 
to replace commercial FRs that might contain halogens, 
antimony, phosphorus, and other substances that have 
supply and/or toxicity issues provides an environmentally 
and economically attractive solution. Polypropylene (PP) 
and polyamide (PA) polymer demonstrator products will be 
made using waste-derived FRs for the automobile industry. 

Approach 
Fire performance testing on the FR PP and PA polymer 
compounds to be used in the engine compartment and 
passenger compartment of automobiles is ongoing. 
Compounds using commercial phosphorus-based FRs are 
being selected as references against which to compare the 
new waste-derived FR compounds. 

In parallel, life cycle assessment (LCA) and life cycle 
costing (LCC) are being conducted to determine the 
environmental and economic viability of using waste-
derived FRs in polymers. The ReCiPe 2016 Midpoint (H) 
V1.02 impact assessment method was used for the LCA 
calculations. 

Results 
Laboratory testing has shown that the fly ashes interact with 
the polymer in the PP compound over time, which causes 
premature degradation and makes the polymer non-
recyclable. The bottom ashes do not degrade the polymers. 

From an environmental perspective, the preliminary LCA 
results indicate that the waste-derived compounds have 
lower environmental impacts in nearly every category than 
the reference PP compound when compared on a per kg 
basis. However, when comparing the compounds over the 

lifetime of an automobile, the degraded parts containing fly 
ash must be replaced at least each year. This changes the 
LCA results in favour of the commercial FR compound.  

Conclusions 
The per kg LCA comparison shows that waste-derived FRs 
can have lower environmental impacts than commercial 
FRs, at least in the cases studied so far, without 
compromising fire performance. Unfortunately, fly ashes 
cannot be used due to their affect on the polymers. 

There are other industrial waste streams available to the 
WAPOL project. Materials from these streams will be tested 
for compatibility with the PP and PA compounds.  
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Abstract 
This paper describes some aspects of an ongoing effort to 
develop a new systematic approach to fire protection 
strategies in industrial and storage buildings in Poland, as 
the current building code involves assumptions and 
requirements that are quite old and controversial. In our 
recent survey strategies and philosophies from many 
countries (Europe and USA) were reviewed and studied to 
reveal a multitude of approaches and solutions, especially 
regarding sizing of fire compartments in connection with 
fire protection systems i.e. sprinklers and SHEVS. Very 
often these requirements are quite arbitrary and the 
assumptions applied long time ago may be not adjusted to 
current industry trends or inaccessible. It became important 
to find some new logical approach to study various 
scenarios related to the fire brigade intervention.  It is a 
capability much needed by both fire brigades and the 
regulators. This paper describes models used and 
application implementing those models.   

Models 
The model of the fire can be an alpha t2 fire or a slightly 
more complex model involving an array of fire load islands 
separated by some distance which all have a prescribed fire 
growth rate, HRR limit and the burning duration. In such a 
model the fire spreads from island to island by radiation 
calculated from a point source model.  These are both 
simple models and they have significant limitations. These 
are mostly the lack of thermal feedback from the hot layer 
and the effect of limited ventilation on fire growth. The 
HRR limit due to existing openings can be easily applied 
although its effect is rather delayed for large volumes. The 
thermal feedback from the layer is harder to implement but 
not impossible. It is especially needed for buildings where 
fire spread can happen in other ways than island to island 
radiation e.g. where storage height is comparable with the 
ceiling height. 

The model for suppression is adopted from Barnett [1]. 
It links the reduction of HRR with the amount of water 
applied. This balance of energy gained by fire due its 
continuous growth and removed by suppression is 
recalculated in small timesteps. The weakness of the model 
becomes more apparent with bigger buildings where the 
uniform application of water is more and more difficult to 
achieve.  Further reduction factors can be included to 
address this issue. 

FireFlows program 
A user friendly interactive application FireFlows was 
created to include the fire growth and suppression model 
with additional safety information important for fire brigade 
i.e. the temperature near the ceiling which for light steel
structures is needed to assess the risk of structural failure.
The user can define the sequence in which the fire brigade
delivers water to the fire and the quantity of it (flow rate)
including any fluctuations. This sequence is usually affected
by the quantity of water immediately available (usually
good in cities) and the way it is transported (usually
necessary outside cities) and how much time it takes.

Figure 1.  Snapshot of the FireFlows application. 

Summary 
The paper offers a methodology to study the fire brigade 
capabilities in tackling industrial and storage fires. Full 
paper will include description of models and real use 
scenarios. The key uncertainty of the models used in the 
methodology remains with the fire development curve and 
the efficiency of the fire suppression considering that the 
successful water delivery to fire is decreasing with the size 
of the building. Even with these uncertainties which can be 
improved upon the model has good informative potential, 
especially for studying and demonstrating concepts for 
regulatory purposes that are hard to be described in other 
ways and for the training of commanding officers. The 
methodology can be also used in a wider package for fire 
brigade’s tactical planning and it can be expanded by 
probabilistic input and output.  
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Abstract 
Smart building technology and operating environments are 
opening up opportunities for operating surveillance, security 
and safety of buildings and premises. Digital technologies 
and the Internet of Things (IoT) enable new solutions for 
proactive fire prevention, fire detection, rescue, fire 
extinction and the maintenance of the systems and 
components [1]. The intelligent building environments and 
technology also create new challenges and risks related to 
fire safety. For ensuring a healthy and safe living 
environment, these new risks need to be identified and 
reduced. Tampere University and The Finnish National 
Rescue Association are currently conducting a research to 
find out how fire safety has been taken into account in 
ongoing intelligent large-scale and high-rise construction 
projects in Finland. The aim of the research is also to 
investigate how the data generated by sensors used in 
HVAC systems can be utilized to improve the fire safety of 
the buildings and premises and to support the operations of 
fire and rescue services.  

Current attitudes and needs assessment 
The first phase of the research is aiming to provide up-to-
date information on how fire safety solutions have been 
integrated into the development of recent intelligent 
building projects, what are the most important needs of key 
participants regarding the new fire safety technologies and 
what have been the main challenges of utilizing the new 
technology. The research included interviews of different 
construction project teams and officials in Helsinki, 
Tampere and Turku cities. These interviews were 
complemented by an internet survey for a wider range of 
experts. The roles and expertise of the interviewees were 
related to smart city development, town planning, building 
control, rescue services, insurance and fire engineering and 
consultancy.  

Based on the results, at the moment fire safety equipment 
and systems are typically seen as a small separate part 

consisting mainly of statutory detector and extinguishing 
systems. The lack of procedures and practices for life cycle 
planning, easily accessible system information for 
authorities, designers, maintenance and users, and practical 
examples of available benefits and cost savings, the 
integration of the fire safety systems into smart operating 
environment of buildings has been difficult. It was also 
recognized that there is potential in minor (per unit) 
technological improvements if the combined impact is big, 
for example in large-scale suburban refurbishment projects. 
The data collected will be analyzed and the results of the 
study published during the spring 2019.  

Application of the new technologies in fire safety  
The second phase of the research will start in spring 2019 
with the aim of exploring the opportunities to utilize data 
generated by building automation and monitoring systems 
in order to improve the fire safety of buildings and to 
support the operation of rescue services. The research 
explores new fire safety services and applications, that 
would also be easily and reliably integrated into other smart 
building automation systems.  

Summary 
The research project at hand is performed in two phases. 
The first one is assessing attitudes and needs concerning 
smart fire safety solutions and their integration into modern 
intelligent buildings. The second phase will explore 
potential new solutions and services based on the results of 
the first phase. 
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Abstract 

Evacuation from buildings is affected by the composition 
of the population present in the building. The current 
investigation is a comparative study on the evacuation of 
homogeneous and heterogeneous populations from a high-rise 
building using a hand calculation. Using this method, the 
limiting step was the determination of the reaction and 
decision times.  
 
Introduction 

Universal design is promoted by the UN and demands 
accessibility for all[1]. This has led to the installation of 
accessible toilets, access ramps, and elevators found in most 
building codes throughout the world [2]. As accessibility is a 
requirement, consequently, the ergressibiltiy of mixed groups 
need to be considered, when buildings are designed. Hence, 
the engineer has to consider the presence and the evacuation 
of heterogeneous groups in fire scenarios [3]-[6]. 

Evacuation characteristics of able-bodied people are 
dominantly documented in literature. Accounting for 
heterogeneity complicates the prediction of evacuation 
performance of a population, as a variety of factors need to 
be known and considered. Among these are different walking 
speeds, reaction and decision times, route choices and 
interaction between able-bodied and impaired [7]. 

 
Method 

With the increasing need of space to live and to work, 
accompanied by the already crowded major cities, the issues 
regarding fire safety in buildings with several floors only 
become more and more relevant. That is the reason why the 
case of the current study is a high-rise office building. 
Assumptions and data from literature will be used to 
determine the Required Safe Egress Time of one of the floors 
in the building using. The case study will utilize hand 
calculation methods and will also try to reflect on the layout 
of the floor. 

The case study set out to show a difference in evacuation 
time from a homogeneous versus a heterogeneous 
population. The calculations have been seen to be redundant 
as a reduction in walking speed of disabled would result in a 
higher evacuation time. The following assumptions are made: 

Homogeneous population: 

• The travel speed is governed by density. 
• The density is assumed evenly spread on the egress paths 
• The reaction time is set to 3 minutes 
• Walking distance is chosen conservatively as the longest 

path. 
Heterogeneous population: 

• The travel speed of impaired may not exceed the speed of 
able-bodied. 

• The density is assumed the same as for the homogeneous 
population. 

• The reaction time is set to 4 minutes 
• A composition of the population with respect to sight-, 

hearing-, and movement-impairments are taken from Danish 
data. 

• The wheelchair users will escape with the fire elevator. 
• The rest of the impaired will escape the same way as the able-

bodied. 
 
Conclusions 

Introducing the reaction time in the estimated evacuation 
time will create a difference of 2 minutes. This is not a 
significant change considering the multitude of assumptions 
that have been made. Factors such as congestion or changes 
in flows resulting from the wheelchairs are not explored. 
Knowledge of behavior with assisted escape and more data 
on walking speed data is needed for heterogeneous groups 
and their subgroups. 
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Security of health and life of the occupants in case of a fire 
hazard is one of the main goals of a fire safety engineer. 
Frequently, this is achieved by assuring the possibility of a 
safe evacuation from the building before the various effects 
of the fire cause harm on the occupants.[1] 

In order to maintain the required safety level, as a part of 
a holistic fire safety approach, performance-based 
engineering methods have been deployed and supported by 
fire risk assessments. Yet, the numerical simulations carried 
out as a part of performance-based analysis are built on both, 
deterministic and probabilistic input parameters, subjected to 
major uncertainties. These uncertainties may become 
unrecognized or neglected during design, while trying to 
overcome them can lead to costly and unnecessary 
overestimated degree of safety predicted through this design 
approach [2]. 

Within a recent master thesis[3], a methodology was 
developed to assess the level of safety during emergency 
evacuation and to quantify the fire risk to life, by accounting 
for the variability and uncertainty in the design parameters of 
a fire safety analysis. Starting from the definition of risk and 
its relationship with reliability of fire safety barriers, a simple 
event tree analysis of a fire scenario occurring in a complex 
building (chosen as study case) is initially showcased, all 
with the intention of highlighting the shortcomings of the 
current risk analysis methods. It is shown that uncertainties 
sources are diverse, ranging from variables that are built into 
the analytical tools and methods, unpredictability in human 
behavior and reaction in case of fire emergency, 
uncertainties associated with criteria and values selected for 
assessing tenability conditions, to variations into the 
operational and performance reliability of fire protection 
measures.  

Based on the findings, a new alternative approach is 
constructed. A single simulation model is developed to 
model the various uncertain parameters. Each parameter is 
assigned a suitable individual probability distributions that 
can reflect their innate variability. This sort of probabilistic 
data is used as input parameters, while the processes of 
interest for fire protection practitioners are treated as 
deterministic.  

By means of Discrete Event Simulation method [3], the 
physical phenomena (ignition, heat radiation, combustion 
products development) and the real technological processes 
(detection, warning, suppression, evacuation) are simulated 

in their natural order, enabling the dynamic interactions that 
are assumed to exist in between them in a real situation. In 
order to capture the whole range of possible outputs expected 
from a fire event, Monte Carlo procedure [3] is applied, 
involving 5000 repeated random sampling of the inputs, 
followed by the corresponding simulation iterations. This 
analysis is performed on the same complex building, 
considered as study case, and the results are briefly shown in 
figure 1, as an overall distribution of the evacuation safety 
levels achieved for the 5000 generated fire scenarios. 

 

 
Figure 1.  Distribution of the evacuation safety level values obtained for 

5000 generated fire scenarios, with respect to ESL=1 line. 

As each scenario is built on different probability of 
failure of safety barriers, the associated fire risk can be 
subsequently assessed. Also, the deterministic parameters 
governing the fire development and the evacuation process 
are readily accessible for any scenario of interest.  

Additionally, different fire safety barriers (i.e. sprinkler 
system) are subsequently included into the model, allowing 
for a comparison of their quantitative effect on the final 
evacuation safety level. 

Thus, the proposed methodology provides an alternative 
way for handling risk-informed and performance-based life 
safety design throughout a transparent, verifiable and ready 
to be used in practice framework. 
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Abstract 

The reaction and decision time are of high interest when 
the evacuation of a building is determined. The condition of 
the evacuees has been shown to influence the evacuation. The 
focus of the current work is the determination of the reaction 
and decision time during night- and daytime. The data for this 
study was collected in two boarding schools in Denmark. 
Average reaction and decision times were found to be 101 sec 
for the nighttime and 15 for daytime evacuation. The behavior 
was found to be different at nighttime compered to daytime.  

  
Introduction 

Reaction- and decision times are significant parts of the 
total evacuation time and play an important role for the fire 
safety design of buildings [1-3] For some scenarios the 
reaction and decision times can be the determining factor with 
respect to the total evacuation time. Buildings need to be safe 
for the inhabitants at any time of the day. The question of the 
current study is the characterization of the evacuation during 
night- and daytime, with the reaction- and decision time.  
 
Method 

The evacuation during night and daytime are studied in the 
current project. Six evacuation experiments have been carried 
out in two different boarding schools. Two of them were 
conducted during night when the test subjects were sleeping, 
two experiments during class and finally two experiment 
when the students had dinner. In the present abstract the 
daytime data covers sinner and classroom scenario. A 
qualitative as well as a quantitative analysis have been carried 
out. The data is collected using video footage interviews and 
questionnaires. 
 
Results 
The results show that the reaction and decision time is 6,7 time 
longer when the students were asleep. The maximum reaction 
and decision time for the suitation asleep was 220 sec, while 
it was 55 sec under wake condition.  
 
 

Table 1: reaction and decision time at wake and sleep condition 

Situation Mean  P90 P20 [s] Max [s] 
Asleep 101s 220s 30s 227s 
Awake 15s 55s 5s 55s 

 
In the interview students expressed that they were 

confused and were not sure of they were dreaming. They 
waited for their friends and knocked doors to help the 
evacuation. One person expressed fear. Some of the most 
important factors that mean that the time for reaction and 
decision time is longer in the experiments from the sleeping 
state are: 
• Students must spend longer time registering that it is the fire 

alarm 
• A large part of the students got dressed 
• Students spend longer time talking to other students before 

they start to walk 
• In one school the students are out in the corridor or looking 

out to see what happens, then go back to the room again  
 
Conclusions 

The described experiments showed a significant 
difference in reaction- and decision times, depending on 
whether the evacuation was performed while the test subjects 
were sleeping or awake. It was also found that there are many 
patterns of behavior that recur for both types of evacuation 
experiments.  

As an example, the amount of time necessary for sleeping 
subjects to notice a fire alarm is longer compared to that of 
evacuation performed when they are awake. Additionally, 
actions performed under the former were not observed under 
awake conditions, probably making them characteristic for 
evacuations during sleeping conditions.  
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Abstract 
The risk associated with intentional harmful actions from 
antagonists is as old as the humankind is. Protection against 
aggressors, enemies and opportunists is thus not a new 
concern or professional discipline. With the invention of 
laws and regulations, the actions became not only intentional 
and harmful, but also criminal. In this paper, we therefore 
talk about intentional harmful actions as criminal actions.  

When discussing risk of criminal actions and risk in 
general, value is an important concept. Humans or 
organizations face risk when something they value may be 
lost or damaged. The degree of value determine the severity 
of the consequences when something is lost or damaged. 
Uncertainty is also an important concept. Losses and 
damages may occur in the future, but we cannot be sure 
where, when, how and imposed by who.  The state of not 
knowing, i.e. uncertainty, is essential to risk [1].  

Values are contextual, in the sense that they relate to 
societies, organizations or persons. Common societal values 
are e.g. the population’s safety (human lives), democracy 
and freedom of speech. Common organizational values are 
e.g. the health and wellbeing of employees, partners and 
third parties; operational capacity, and; the organization’s 
reputation. Personal values may include our family’s health, 
wellbeing, and economical security. 

Risk associated with criminal actions has different 
origins. An organization’s assets does not just represent a 
value to the organization itself, but also to others. For 
instance, generally worthless object may hold great value as 
evidence for the Police in an important criminal case. To the 
criminal, the object and the information it carries, may be a 
matter of life and death. Furthermore, your assets or values, 
such as democracy or freedom of speech, could be 
reprehensible to others, and may act as a trigger for criminal 
actions or even acts of terrorism. As long as there is value, 
there is risk. 

In 2009 a group of Norwegian security professionals 
came together to develop national standards for protection 
against criminal actions in the built environment. A report 
from the group summarizes the needs [2]. The first standard, 
on terminology, came out in 2012. Two other standards, on 
security risk management and risk analysis, came out in 
2014. The most recent standard, on planning of security in 

construction projects, came out in 2016. The standard series 
define risk as the relationship between values, threats and 
the vulnerability of the values against specific threats (“the 
risk triangle”). Uncertainty, for instance represented by 
probability, is not included in the definition. The Norwegian 
standards did not invent the risk triplet, as its application is 
widespread within the professional security business. 
However, the new standards represent a different starting 
point of thinking about risk, compared with a more 
traditional view. This has led to a professional debate about 
the risk concept recent years [3].  

In this paper, we draw on the experience of using the new 
standard series in several construction projects. Our aim has 
been to apply the standards as a foundation for security 
planning and dimensioning of security measures. We find 
strong arguments for basing a risk analysis for criminal 
actions on the concepts within the risk triangle. However, 
how do we include uncertainty in risk analyses based on the 
risk triangle? The work has led to some observations that 
will be the focus of our discussion in this paper: 

- The concept of uncertainty is not present in the risk 
triangle definition of risk, but nonetheless an 
important concept in the application of the 
methodology. How should we understand the 
uncertainty concept in relation to the risk triplet?  

- How we understand the concept of risk, affect how 
we manage risk [e.g. 4]. We look into strengths and 
weaknesses with the seemingly opposing directions. 

- Finally, we discuss some steps towards the possible 
merging of the risk triplet into a broader uncertainty-
oriented risk perspective. Is it possible to reap the 
benefits of both worlds? 
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Abstract 
At present, some builders promote timber structures as a 
possibility for reducing CO2 emission from construction in 
general. 
 Fire safety precautions for these structures seem to be 
limited to ensure escape before collapse based on 
requirements of the present Building Regulations, where fire 
in one building at a time is considered. 
 However, application of timber structures in dense 
building areas may re-introduce the problem of city fires, 
which we elsewise have avoided by a deliberate introduction 
of a stone-based building culture. 
 This means that our cities may become vulnerable again 
to large-scale fires initiated by accident, by forest fires and 
by acts of war, as we have seen many times in the history.  
 The paper presents how a city fire develops illustrated 
with historical examples. 
 Furthermore, it presents aspects of modern buildings and 
cities, which increase the risk of city fires and thereby the 
risk of large releases of not only the CO2 bound in the timber 
structures but also the CO2 bound in everything else 
combustible in the city. 
 Although our fire brigades are somewhat better equipped 
than they were during the Second World War, they also 
suffer from cut in budgets increasing their reaction time. The 
increased number of synthetic materials applied in our 
buildings will release large amounts of toxic smoke that 
represents a new problem by occupying the fire brigades 
with evacuating the population from areas not yet ignited.  
 
 
 
 

 
 Furthermore, terror has become a new threat to the 
modern society. Coordinated ignition several places in a city 
can outmanoeuvre even the best fire brigade as seen at the 
attack at September 11, 2001 in New York.  
 Uncoordinated simultaneous acts of terror may also occur 
as we often see when arsonists ignite cars and buildings 
several places in a city at the same time.  
 Finally, we propose to limit the risk of city fires by 
requiring a max fire load of a city to be 80% of the fire load, 
which has proved to give firestorms in traditional cities in 
1944. This city consisted of traditional five storey buildings 
at 25% of the ground with 2 GJ/m2 floor. We should 
therefore require that the fire load of a city should not exceed 
2 PJ/km2 ground of the city equal to 2 GJ/m2 ground. Fire 
load of a stone house is 0.2 GJ/m2 floor. For a wood house, it 
is 18 GJ/m2 floor, if it should fulfill the sound insulating 
requirements of 440 kg/m2. This means that you can only 
accept 1 wood house for each 12 stone houses if you should 
avoid the risk of city fire.  
 We therefore suggest that no city should have a fire load 
exceeding 2 PJ/km2 ground. 
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Abstract 
The search for a more sustainable and effective construction 
industry has caused a larger focus on and increased the 
request for timber constructions over the past years which 
seems to be a trend that continues. This, among other things, 
has increased a demand for constructions based on Cross-
Laminated Timber (CLT) constructions. But there is a large 
difference for the properties of the individual Cross-
Laminated Timber products which makes it difficult to 
generalize Cross-Laminated Timber as a generic material.  
 
In Denmark, timber constructions are normally dimensioned 
according to common methods described in the Eurocode [1] 
for load-bearing structures made of timber. However, the 
method described in the Eurocode is based on traditional 
wooden structures with a uniform charring. The described 
method does not apply to elements made of Cross-
Laminated Timber, as the heat from the fire can lead to 
debonding of the elements. If debonding does occur, the 
protective char layer falls off and exposes the underlying 
unexposed wood to the fire causing a faster charring 
compared to the method described in the Eurocode. 
 
Cross-Laminated Timber is also called Engineered wood. 
From the nickname it can be derived that the original wood 
properties have been optimized in the production from logs 
to Cross-Laminated Timber. In this thesis, the goal was to 
optimize the fire related properties of an element made by 
Cross-Laminated Timber, by impregnating the element with 
a phosphate-based fire retarder, and thereby develop an 
optimized fire treated Cross-Laminated Timber element. 
The scope was to investigate the fire-retardant's effects in 
relation to the prescriptive solutions belonging to that part of 
the Danish building legislation that describe solutions for 
load-bearing building parts and interior surfaces made of 
wood. 
 
In the thesis, a series of laboratory experiments have been 
undertaken to explore the properties of the specimens 
treated with the phosphate-based fire retardant. The 
experiments were performed with the Cone calorimeter, 
Bomb calorimeter, The Heat Transfer Rate Inducing 

System, and a model furnace. The specimens consisted of 
Cross-Laminated Timber mainly made of five lamellas 
where each lamella was 20 mm wide. 
 
The main scope of the experiments was to investigate the 
ignition properties, charring rates, heat release rates, and 
combustion efficiency. Overall, it was found that the fire 
treated specimens had improved the fire resistant for all the 
investigated properties. 
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Abstract 
The shear strength of concrete is a part of the mechanical 
properties which has a significant impact on the overall 
performance of concrete structures. Meanwhile, fire is a 
destructive factor that should be considered in the design 
process of reinforced concrete structures. A comprehensive 
review of the design code of concrete structures has shown 
that information about the shear strength of concrete at 
different temperatures is not available. This study focuses 
on the shear strength of normal concrete at high 
temperatures using an experimental procedure. Investigation 
of load-displacement diagrams showed that the slope of the 
ascending branch was linear at all temperatures. In this 
diagram, the shortest and longest transition zone occurred at 
28 and 700 centigrade, respectively. It was also observed 
that before 240 °C, the shear strength of normal concrete 
was in the range of 5.71 - 6.81 MPa. By increasing the 
temperature, the shear strength of normal concrete hit a peak 
at 400 °C. At this temperature, the shear strength of concrete 
was approximately equal to that of at ambient temperature. 
The slope of the descending branch of the shear strength-
displacement diagram also showed this connection. In 
addition, an experimental equation for prediction of the 
shear strength at each temperature was proposed by 
regression. Furthermore, another experimental equation for 
estimating the weight loss of concrete at each temperature is 
presented. 
 
1-Introduction 
Investigating the mechanical properties of concrete at high 
temperatures has always been a concern for researchers. A 
comprehensive review of the earlier researches and design 
codes has shown that although the shear strength of concrete 
is important and has a great role in the overall behavior of 
concrete members, it has not been studied at high 
temperatures [1], [2].  
 
2- Discussion and results 
The behavior of the concrete in the shear force-displacement 
diagram is linear before maximum force at all temperatures. 

The transition region at 28 °C and 700 °C was the shortest 
and longest, respectively. By increasing the temperature, the 
shear rigidity was initially increased and then decreased. it 
was observed that at ambient temperature the shear strength 
of normal strength concrete was 6.89 MPa. Before 240 °C, 
the shear strength fluctuated between 5,71 and 6,81 MPa and 
at 400 °C reached a maximum of 7.39 MPa. 400 °C onwards, 
the shear strength had a declining trend, where at 700 °C the 
normalized shear strength was 0.58. At this temperature it 
was observed that the displacement corresponding to the 
shear strength increased by almost 90% in comparison with 
28 °C. Figure 1 shows the average shear strength-
displacement diagram of tested specimens. Furthermore, to 
predict changes of the shear strength at various temperature, 
an experimental equation proposed. 

Comparison of the shear strength and the compressive 
strength proposed by design codes has shown that, at 
temperatures below 240 °C, the shear strength of concrete is 
lower than compressive strength. At temperatures of 240 °C 
and 400 °C, the normalized shear strength of the concrete is 
greater than the compressive strength given in the standard 
and at temperatures of 600 ° C and 700 ° C, it is 
approximately the same as the normalized compressive 
strength of the En-1192 standard. 

 

 
Figure 10. The shear strength-displacement diagram. 
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Abstract 
The design optimization of steel structures is usually carried 
out by choosing a profile that minimizes the amount of steel, 
under the boundaries of carrying mechanical loads and being 
compliant with maximum allowed displacements. The fire 
verifications are typically performed at a later design stage 
by applying the amount of insulation needed to keep the 
profile below its critical temperature during fire. 

This strategy keeps the steel costs to a minimum, but 
often results in relatively high costs for insulating the 
structure, which may nullify the scope of the original design 
optimization. A typical example is the use of I-profiles, which 
possess the highest elastic and plastic resistance modulus at 
20°C, but the lowest in fire, [1] due to the rapid heating 
caused by the high surface-to-volume ration. This thesis 
investigated possible beneficial effects of the consideration of 
fire verification in the early design stage on a steel car park.  

Car parks represent at present critical structures from the 
point of view of fire design, as indicated by several recent and 
past cases of major car park fires (the most recent and 
resounding being the car park fire in Liverpool, in 2008, 
where 1400 car were involved in the fire [2]). Despite such 
events, steel car parks are often designed by assuming a local 
fire of 3-4 cars. This assumption allows savings on (and often 
completely avoiding) the fire insulation of the elements, thus 
making the steel car parks competitive in price with a 
concrete structure. If a larger design fire, involving more cars, 
are used the general fire safety level of the car park will be 
higher. This seems desirable, but it will add the necessity of 
fire insulation and thereby increase the price of the car park.  

For this reason, car parks are one of the structures that 
could mostly benefit from an early inclusion of fire 
consideration into the design procedure, which could allow it 
to keep being competitive on the price while also ensuring a 
higher fire safety level. 

In the work within this thesis [3], the formulas and 
methods for designing steel profiles in both bending and axial 
loading was used to make an Excel sheet program that 
graphically show the potential optimization or saving options 
for an initially designed profile.  

A case study of a typical steel car park was initially 
designed using the current methods of a local fire with 3 cars 
thereby totally avoiding fire insulation. The design was then 
added the fire insulation needed to withstand the temperatures 
of a larger design fire following the parametric fire curve. 
This increased the price of the total structure (including 
decking, facades, etc.) of the car park by 29% and 87% for 
the steel structure alone.  

The optimization program was then used for an 
optimization of the profile types and it was found that the 
price increase from the initial car park could be reduced to a 
5% increase in the total price of the car park by and 16% for 
the steel structure alone. In figure 1 the optimization options 
for the main composite beam (IPE550) is shown. 

It has been concluded that considering the choice of 
profile type at an early stage may show that a saving option is 
possible but that this option could be very hard to find 
without the help of the developed Excel sheet program. 
Quantifying this by the use of the case study showed that a 
saving potential can be found that ensures the structure can be 
designed using a much larger design fire resulting in a 
building with a higher fire safety level at a minimal price 
increase. 

 
Figure 1 Price of different beam profiles for steel (blue) and 
insulation (red). The reference profile is on the outmost left. 
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Abstract 
The increasing presence of digitalization used in 
engineering systems is progressively improving the quality 
and efficiency of the design process. Building Information 
Modelling (BIM) is the most used digital tool and also the 
one which, during the years, has shown the greatest 
potential of supporting the interoperability among 
stakeholders. The possibility of coordination among the 
actors involved in the design process is crucial when it 
comes to decision making. The costs of changing decisions 
exponentially increase during the time the project is 
developed. Therefore, making right decisions at the early 
design stage is essential for reaching the best quality for the 
design and at the same time, keeping the cost low. The 
advantages of interoperability are particularly important in 
the field of structural fire engineering since the structure is 
usually verified under fire conditions only at the end of the 
design process. This leads to a not optimized design for fire, 
which forces the designers to add pricey insulation, when 
the choice of a different profile type at the early design stage 
could have been more efficient. Moreover, an unexpected 
thickness of the insulation and the consequential greater size 
of the structural elements cause problems for fitting the 
architectural requirements, which could lead to costly 
changes in the design. 

Besides, new methods are pulling the structural fire 
design at the beginning of the design process. By fixing the 
rest of the parameters, it is possible to develop a design for 
addressing different objectives such as minimising the 
insulation thickness or the overall cost. However, this 
approach is not taking into account all the variables and 
therefore, the result needs to be evaluated. For example, 
choices regarding the wall insulation and the façade type 
made by the energy engineer in the following design phase 
could affect the temperatures developed during the fire and 
therefore, the structural fire design. It is clear that a unified 
structural design approach [1] is needed, in which all the 
design requirements are taken into account at the early 
design stage. This work is the first step towards this unified 
design process, which uses the interoperability offered by 
BIM platforms as a central feature for the development of 
the design. 

BIM platforms, in order to express their potential, 
have to communicate with third-party software for technical 

calculations. Nowadays, even if the most common BIM 
software contain dedicated functions, it is not possible to 
efficiently export selected building information. The 
developed tool, called SEID-BIM [2], aims to create an 
efficient exchange of data between BIM platforms and 
SteFi, a sectional analysis tool for fire design developed at 
DTU [3]. SEID-BIM is capable of identifying the most 
common steel profiles and exporting both geometrical 
parameters and material properties into an interfacing file, 
which is then used by SteFi as input for the fire design. 
Moreover, SEID-BIM is capable of reading the result of the 
SteFi calculation and importing back the results into the 
BIM model, as well as creating the needed insulation around 
the structural element.  

Having all the data in the same model allows the 
designer to have an overview of the entire project. This way 
is possible to evaluate all the parameters and to identify 
possible clashes. 

 
Fig. 1. Automatized data sharing between BIM and fire design tool 
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Current structural design codes do not cover the design of 
buildings subjected to post-earthquake fires (PEF). The 
effects of seismic motion and fire are investigated as two 
statistically independent, uncorrelated accidental actions and 
therefore their effects are not super-imposed. In reality, it has 
been proven that the risk of fire increases after the 
occurrence of an earthquake due to e.g. electrical and gas 
failures [1]. 

The combined effect of the ductile behaviour of structures 
causing second order effects and the damage of fire insulation 
during ground motions can lead to the reduction of the 
structure fire resistance. Therefore, even if an adequate fire 
resistance is assured in normal conditions, a fire following an 
earthquake may cause structural damage or even collapse. 

Plenty of studies focusing on the post-earthquake 
behaviour of non-insulated steel frames have proven that 
material degradation and second order effects have an effect 
on the fire resistance of the structure, but with a minor 
magnitude [2, 3]. 

Contrarily, there is very little research done on insulated 
steel frames [4]. These studies have all assumed a uniform 
level of insulation damage over the entire structure, by 
uniformly reducing the thermal resistance of the insulation 
material over the entire length of the structural members. 
However, this is hardly applicable to real cases, where the 
insulation damage is probably smaller, but localised at the 
most solicited locations along the elements.  

The present project has been aimed at investigating the 
fire resistance of an insulated moment-resistant 2D steel 
frame where the insulation damage is defined based on the 
dynamic movement of the structure and applied only in the 
areas where excessive deformations occur during ground 
motions. Structures insulated with spray-applied fire 
protective coating were the main focus, but the conclusions 
can be extended to other type of insulation as well, e.g. 
intumescent paint. 

A five storey, three bay, moment resistant steel frame was 
designed according to Eurocode. A sequential numerical 
analysis scheme was adopted in OpenSees finite element 
code. In the first step, a simple static analysis was performed 
according to the design loads. The gravity analysis was 
followed by an earthquake time history analysis, performed 
for a set of 7 ground motions. The damage pattern of fire 
insulation was defined based on the structure local 
deformations during the selected ground motions. Damage of 
the insulation was modelled at the locations where the 
structural elements had experienced deformations higher than 
a limiting value during the earthquake. The insulation damage 

was referred to a limit strain, which was obtained from a 
literature experimental study [5] on damage of sprayed fire 
insulation. The earthquake was followed by a fire, which was 
assumed to ignite after the ground motion was over. A 
standard fire curve was chosen for the modelling of the fire in 
order to get general and comparable results, independent of 
the specific fuel and compartment properties. As the 
insulation damage was defined locally, it was necessary to 
complete a heat transfer analysis prior to the fire analysis to 
understand the distribution and development of temperatures 
during fire along the partly insulated structural members . The 
temperature histories found from the heat transfer model were 
used to run a non-linear transient fire analysis. The location 
of the fire was considered to be in the middle bay of the 
ground floor. The so found fire resistance was then compared 
with the fire resistance of the frame exposed to fire only. 

The results indicated that insulation damage on the beam 
reduced significantly the time until element failure, but did 
not affect the global collapse time. In case of insulation 
damage on the column, a significant reduction of the fire 
resistance wa highlighted both with respect to the time of 
element failure and of global collapse. Reductions between 
50% and 63% were found to occur as a result of the column 
insulation damage after the earthquake. It was also possible to 
conclude that the assumption of uniform insulation damage 
levels in previous studies is not adequate, because the 
insulation damage is expected to occur at the most loaded 
locations. As such, even a very limited extention of the 
damaged area of the insulation can greatly reduce the fire 
resistance of the structure. 
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Figure 1.  Left: The setup in the kiln. Right: Ring-on-ring setup. 
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Abstract 

The motivation of the work done in the thesis derives 
from a question; under what conditions of a fire exposure can 
tempered glass panes remain their structural integrity? 
The governing factor of change of load capacity in tempered 
glass is the residual stresses. However, the work done in the 
thesis also investigates whether the phenomenon of crack 
healing can make up for the loss of residual stresses.  
The work aims to investigate if it is possible, to determine 
the remaining load capacity of tempered glass panes based 
on the history of fire exposure. 

 
Stress relaxation in tempered glass occurs when the glass 

is subjected to temperatures in the range of 200-400 oC. 
When increasing the temperature, up until the transition 
temperature of commercial soda-lime-silica glass, the 
relaxation grows even more rapidly. The relaxation of 
residual stresses is both time and temperature dependent [1].  

This work investigates the stress relaxation and possible 
rectification of surface flaws of tempered 4mm soda-lime-
silica glass. This is done by an initial numerical study, which 
is compared to photoelastic measurements that is carried out 
to determine the residual stresses. At last, the glass panes are 
tested until failure. 

 
The work covers both regular float glass and tempered 

glass at each test series. Residual stresses are measured with 
a SCAttered Light Polariscope, both before and after being 
subjected to heat. When being heated, various temperatures 
and time spans are investigated. The possibility of 
rectification of surface flaws leading to an improved inherent 
strength are investigated by comparing the numerical 
investigation done in Abaqus/CAE, the photoelastic 
measurements and finally the load capacity using a ring-on-
ring test setup. By comparing the tensile strength achieved 
from testing the glass until the point of failure with a 
reference series of float glass, it is possible to see if the glass 
gains strength, when subtracting the residual stresses.  

 
 
 
 
 
 
 
 
 
 
 

 
Test setup 

The placement of the glass panes are in a rack and the 
heating is in a kiln. Prior to the heating the panes, the setup 
in the oven was tested to ensure even heating of the surface. 
The effect of heat radiation was also tested, so that the front 
a rear glass pane would not experience a significantly higher 
heat exposure. Furthermore, a reference pane is placed in the 
middle of the setup. The reference pane contains four drilled 
holes, which allows for temperature measurements in the 
center of the glass. The thermocouples are placed diagonally, 
which allows for temperature reading both horizontally and 
vertically. The center temperature is important to determine 
the temperature difference through the thickness of the glass. 
If the surface of the glass gets significantly lower than the 
surface temperature, a mild tempering process could occur.  

The ring-on-ring setup has been designed using the 
numerical model to ensure an even stress distribution within 
the loading area.  
 
Numerical model 

Several numerical models have been created an tested. 
These models were generated to determine the effect of 
crack healing. The analytical solutions would not suffice due 
to non-linear effects caused by the large deflections. The 
geometry of the ring-on-ring setup allows for a coaxial 
model. 
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Abstract 
Plethora of advancements has been made over the last 50 
years to quantify the vulnerability of structures subjected to 
the seismic hazard. Based on the modern seismic codes, the 
structures are designed to sustain a certain level of 
earthquake-induced damage ensuring the protection of 
human lives while securing the functionality of critical 
infrastructures. However, a strong seismic event frequently 
triggers fire episodes that can undermine the integrity of a 
structure, being already damaged by the preceding 
earthquake. For example, the 1995 Kobe earthquake 
initiated multiple fire episodes and their extinguishment was 
hindered by the earthquake-induced damages on the fire-
fighting measures (e.g., 40.8% of the sprinklers were 
damaged) and the inability of the fire-fighters to act 
concurrently at several places [1]. Hence, the post-
earthquake fire (PEF) episodes and their effect on the 
structural integrity need significant elaboration. Especially, 
it is of high interest to address the effect of the earthquake-
induced damages of a structure on its fire resistance since a 
limited number of studies with contradictory results can be 
currently found in the literature [2-7]. 

Earthquake excitations may produce residual lateral 
deformations and stresses on structural members that, in turn, 
can lead to second order, P-Δ, effects [7]. However, the latter 
may not be critical for the fire performance of buildings that 
were designed according to the current state-of-practice [3]. 
When exposed to inelastic cyclic deformation, structural 
elements exhibit deterioration of stiffness and strength due to 
hysteretic behavior [8]. Especially, for reinforced concrete 
(RC) structures, such deterioration is caused by the concrete 
cracking in tension or crushing in compression as well as by 
the yielding of reinforcement. However, if the integrity of 
the concrete cover is preserved, the influence of earthquake 
on subsequent fire performance of the structural components 
can be marginal [2]. On the other hand, loss of concrete 
cover, either by crushing during the earthquake excitation or 
by explosive spalling in the early stages of fire, may be more 
harmful than the material degradation due to hysteretic 
behavior. Moreover, frame RC structures, which experience 
extensive earthquake-induced damages at their beams and/or 
columns, were found to suffer by significant reduction of 
their fire resistance (up to half the time) [6]. Similarly, for 

steel frame structures, loss of fire insulation due to 
delamination was observed to reduce the fire resistance of 
the structural components up to 70%, the latter being the 
result of premature column buckling [7]. The reduction of 
the beneficial tensile membrane action is also caused by the 
catenary action of beams being lost [9]. 

The short discussion made above for the PES 
performance of structures reveals the adverse influence that 
the earthquake-induced damages may exert on the fire 
resistance of the structural components. The latter, being 
further corroborated by several historic records [10], impose 
the need for further investigation on this critical topic. 
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Abstract 
The fire resistance of one way and two way simply supported 
RC slabs and continuous RC slabs exposed to standard fire 
ISO834 is analyzed in this paper. 2D and 3D analyses are 
conducted by using the program SAFIR and the numerically 
achieved results are compared with experimental results 
given in the literature. The results obtained by the simplified 
calculation method given in EN 1992-1-2, 2004 [1] are 
compared, too. 
 
Fire resistance of RC slabs 
In case of fire, floor slabs do not have only load bearing 
function. In most cases they are used as elements for 
separating the fire compartment. Where compartmentation is 
required, the elements forming the boundaries of the fire 
compartment, including joints, shall be designed and 
constructed in such a way that they maintain their separating 
function during the relevant fire exposure [1]. This shall 
ensure, where relevant, that integrity failure does not occur, 
insulation failure does not occur, thermal radiation from the 
unexposed side is limited. Does the floor structure meet the 
required fire resistance criteria mainly depends on: 
mechanical and thermal characteristics of the materials used 
for the construction; initial loading level; support conditions; 
slab thickness; steel ratio; concrete cover thickness and fire 
scenario. 

In fire conditions, as a result of a large number of real fire 
tests and corresponding numerical analyzes, it was found out 
that the failure of the floor structure is always followed by 
significant deformation (deflection). If the structure is close 
to the limit state, after the cooling phase the residual 
deflections are so great that it cannot be used without 
significant rehabilitation. For these reason, the deformation 
(deflection) of the slab is limited to prescribed value. 
According to the ISO standard, this limit value is L/30 (L is 
the span of the slab) [2]. 

The deflections of two types of RC slabs, calculated by 
using program SAFIR, are compared with experimental 
results given in the literature [3,4] (Figure 1). A very good 
agreement during the entire fire test is noticed. It should be 

noted that in order to verify the numerically achieved results, 
there should be compliance of all parameters relevant for the 
testing with those of the numerical simulation. 

 

 
Figure 1.  Comparison of numerical (SAFIR, 3D Analysis) and 

experimental results for deflections of two types of RC slabs   

By analyzing the one-way simply supported slabs in 
SAFIR, it can be seen that slab deflections in case of 2D and 
3D analysis are almost equal and begin to differ slightly 
before the collapse. In case of one-way continuous slab, there 
is a difference in deflections from the beginning of the 
analysis, the 3D analysis gives larger deflections than 2D 
analysis. Concerning the fire resistance, in case of one-way 
simply supported slab and continuous two-span slab, there is 
no significant difference between 2D and 3D analysis. For the 
one-way continuous three-span slab, in case of 3D analysis 
the failure occurs earlier than in case of 2D analysis. The 
results obtained by the program SAFIR, show a relatively 
good agreement with Simplified Calculation Method [1]. 
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Abstract 
The paper presents a new textbook on “Design of Fire-
resistant Concrete Structures” published in July 2019.  
 The book gives a coherent presentation of methods for 
proper fire safety design of concrete structures including the 
methods found by the author during the past 40 years 
research and implemented in practice and in teaching and for 
some of them also implemented in the Eurocodes. 
 The paper shows applications of the book as a basis for 
fire safety design, as a textbook in teaching structural fire 
safety design, and as a common reference about the 
knowledge on the subject for research and practice. This 
means that the book is intended for application of 
universities, consulting engineers, test institutions, precast 
concrete industry, municipalities and insurance companies. 
Since it is based on physics and not related to a specific code 
of practice, it may be applied in any region of the world. 
 An initial chapter explains high-temperature properties of 
building materials including strength, stiffness, and stress-
strain curves for all kinds of reinforcement and all kinds of 
concrete including light concrete qualities. The material 
chapters in particular explains the nature of transient strain to 
be considered for deflections and stability of columns and 
walls and the mechanisms of explosive spalling of high-
strength concrete and limitations to apply in order to avoid 
that.  
 The following chapters introduce design methods for all 
kinds of concrete structures. They present derivations of the 
methods as part of the documentation of their validity. The 
derivations also serve to increase the users’ understanding 
and thereby to improve the users’ proper application of the 
design methods.  
 Examples show how the methods are applied, and they 
present results for fire-resistance of typical concrete 
structures including typical prefabricated concrete elements. 
 
 
 
 
 
 
 

      The present paper in particular focuses on new design 
methods and new knowledge found in the book. This 
includes for example design methods derived for walls of 
heavy and light concrete, where the thermal deflection and 
the support conditions for application of the normal load are 
of a special importance to the load-bearing capacity of the 
structures. Conditions, which a designer must consider. 
 By writing the book and presenting it in the present 
paper, the author intend to give a coherent presentation of the 
methods for design of fire-resistant concrete structures and 
the data and properties needed for the design. 
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Abstract 
For decades, a predominant principle has been to mitigate 
the risk of fire spread by using passive fire separation. An 
example is by use of fire doors. Modern architecture has 
developed extensively over the same period to include more 
and larger areas of open space, such as atriums. For this 
reason, the opportunities for traditional passive fire 
separation design has been challenged.  
      High-pressure water mist is a new technology, and often 
with a better performance than traditional active systems 
such as sprinklers [1][2]. High-pressure water mist 
technology provides an opportunity to rethink traditional 
ways of designing fire safe buildings. One example of this is 
to use high-pressure water mist as an active fire separation.  
      The objective of this paper is to present a study through 
large-scale fire testing of the ability of a high-pressure water 
mist curtain to serve as an active fire barrier for the protec-
tion of building and humans [3]. Acceptance criteria have 
been determined for the level of critical temperatures and 
radiation, according to performance requirements in Danish 
building regulations [4]. The next objective was to 
determine an appropriate test scenario for large-scale fire 
testing, which we did by designing the test setup similar to 
applications for public and commercial building types [3].  
     The results of high-pressure water mist curtains’ atten-
uation effect on radiation, when acting as an active fire 
separation in a multi room building similar to a typical 
apartment configuration, is presented in Figure 1. A total of 
four tests were performed; one free burning test (test 0) and 
three tests (test 1-3) with 7.5, 10.5 and 11.9 L/min water 
pendent spraying in the door opening using micro nozzles of 
Danfoss type 1918, 1922 and 1934. The test is set up with a 
fire in one room, with a door opening to an adjacent target 
room protected by an active fire separation as a high-
pressure water mist curtain.  The evaluation of the 
performance of the high-pressure water mist curtain is based 
on the ability to attenuate temperatures and radiation 
through a door opening [3].  

    The results of room and surface temperatures, as well as 
radiation, have shown that a high-pressure water mist 
curtain has sufficient attenuation effect to eliminate risk of 
fire spread, thereby ensuring a safe building design. In 
addition, results have shown an extensive attenuation effect 
that can lower temperature and radiation levels to a point 
ensuring human safety, thus providing opportunities to 
design escape routes etc. using active fire separations. The 
overall result is that building design with a high-pressure 
water mist curtain as active fire separation can potentially 
ensure a safe building design in relation to risk of fire spread 
and human safety [3].  

 

Figure 1 Temperature in target room 
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Background and goals 
The benefit of sprinklers in limiting and controlling fires is 
undeniable, but the efficiency in protecting occupants in the 
room of fire origin is often questioned. The goal of this 
project is to investigate the performance of a wet sprinkler 
system in protecting patients in hospital rooms.  
 
Materials and methods 
30 fire experiments were performed in a ground floor a 
medical centre, using 14 different patient rooms and two 
storage rooms. Two rooms were thus performed in most of 
the rooms. The room sizes were between 16 and 20 m2. 
Many rooms were used to gain statistical coverage of the 
practical room conditions and sprinkler installation details. 
The centre had been retrofitted with a wet sprinkler system 
in 2010’s, designed according to standard SFS 5980 
(residential system). The sprinkler nozzles were horizontally 
wall mounted and had properties of K=60.5 L/min/bar1/2, 
Tact=68°C, RTI = 35 (ms)1/2. Four test were done without 
sprinklers as a benchmark.  
 
Three different types of test were performed, distributed 
randomly in the 16 rooms. The first type was designed 
according to UL 1626 standard corner test, using wood cribs 
with heptane pool ignition, plywood corner and polyether 
foam slabs simulating sofa cushions. The second and third 
fire types were used hospital textile fires producing 150kW 
and 1500kW peak HRR, based on laboratory measurements. 
The textiles were put on metal horizontal grilles and ignited 
with small heptane pool. The experiments lasted for 15 
minutes, after which manual suppression was performed. 
 
Test room gas temperatures were measured with 0.5mm K-
type thermocouples from multiple locations including a tree 
in the middle of room. Gas concentrations were measured 
from the middle of the room, at 1 m height (assumed patient 
position) with Gasmet Dx4000 which uses Fourier 
Transform Infrared (FTIR)-technique. In some textile fires, 
mass loss rate was measured. Two plate thermometers were 
used to assess the heat flux received by possible patient. The 
incapacitation assessment was done by calculating fractional 
effective dose (FED) [1], as explained in Part II of this 
presentation.  
Results and conclusions 

The sprinkler systems activated in every test they were 
active. The average activation time was 67 s for UL 1626 
and 59s for textile fires. The size of the fire did not play 
major role in sprinkler activation time.  In most cases, the 
sprinkler systems did not fully extinguish the fire but the 
fire remained smouldering for 15 minutes. Ceiling jet 
temperatures of the textile fires are plotted in Figure 1, 
averaged over the tests and including the width of the 
distribution. The peak temperatures at the ceiling varied 
between 64 and 165°C in UL1626 tests.  
 

 
Figure 1: Temperature distributions in textile fires, 150 kW fire is solid line 
and 1500kW is dash line. Red line is the average temperature of the upmost 
thermocouple, blue is average + std and green is average – std. 
 
The sprinkler performance was in some cases affected by 
non-optimal placement of the nozzles. Clear differences 
between the textile fires was observed: In 1500 kW fires, the 
uppermost textiles protected lower ones and affected the 
performance of sprinklers. In Figure 1, the temperature 
decay is slower in 1500 kW fires. The air ventilation did not 
play a major role. Observations of pressure effects on door 
were made, and comparisons with free-burn fires will be 
presented. 
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Introduction 
The effectiveness of a sprinkler system in extinguishing and 
controlling fire and protecting the occupants in hospital 
environment has been studied experimentally. In this 
presentation, the toxic components of smoke gases from 
realistic fire loads in hospital fires are discussed. The 
information on smoke toxicity can be utilized in the 
assessment of fire and evacuation safety of hospitals and 
health care centres. 
 
Experimental 
30 fire experiments were performed in the ground floor of 
a two-storey health care centre, built in early 1960’s and 
retrofitted with wet sprinkler system in 2010’s. The sprinkler 
system was designed according to the standard SFS 5980, 
applying to residential buildings. The sprinkler nozzles were 
horizontally wall mounted and had properties of K=60.5 
L/min/bar1/2, Tact=68 °C, RTI = 35 (ms)1/2. As a benchmark, 
four test were performed without sprinklers. The experiments 
were carried out in patient and storage rooms with an area of 
16–20 m2.  

Three different types of tests were performed. The first 
type was designed according to UL 1626 standard corner test 
[1] used for classification of residential sprinklers. The 
standard defines the test scenario as wood cribs with heptane 
pool ignition, plywood walls and polyether foam slabs. The 
second and third type were fires of used hospital textiles 
(blankets, clothes, towels etc.), 150 kW and 1500 kW in size 
based on laboratory measurements. The textiles were divided 
to three categories based on their expected flammability. The 
textile specimens were put on metal horizontal grilles and 
ignited with a heptane pool similar to UL 1626 tests. The 
experiments were ended by manual suppression at 15 minutes. 

For smoke gas analysis, the sample was taken through 
a heated probe and filter followed by 35 m of heated Teflon 
line. All sampling equipment were protected against water and 
heat. Sampling flow through the gas analysis system was 
4 l/min with average measuring time of 5 s. The response time 
of the gas measurement system was 5−10 s. Oxygen analysis 
was performed with ZrO2 cell built-in to Gasmet Portable 
Sampling System. Other gas concentrations were analysed 
using Gasmet Dx4000, based on Fourier Transform InfraRed 
(FTIR) technique. 

The sampling point was located 98 cm above the floor 
level and within radius of 20 cm from the thermocouple tree 
in the middle of the room. 

Analysis, results and conclusions 
The analysis of the gas compounds was based on the 
individual infrared spectra of each gas and their absorption. 
More than 20 gas compounds were identified and analysed.  

The measurement uncertainties were estimated according 
to CEN/TC 264 N 2719 [2]. The estimated relative 
measurement uncertainties were typically 4–12 rel-%, with 
the exception of compounds present in very small 
concentrations with higher uncertainties. 

Incapacitation assessment was done by calculating 
fractional effective dose (FED) values as a function of time. 
In calculations, asphyxiants (CO, HCN and NOX), irritants 
(HCl, HBr, HF, NO2, C3H4O, CHOH), the reduction of O2, 
and increased inhalation due CO2 were considered [3, 4]. The 
effect of heat was not considered in sprinklered tests as the 
room temperature exceeded 120 °C only momentarily. 

In UL 1626 tests, the final FED values were > 1 in four 
tests out of 14. Observations indicate that the sprinkler 
performance was in some cases affected by non-optimal 
placement of the nozzles. In textile fires, the FED values were 
significantly higher (Fig. 1). Clear difference between 
1500 kW and 150 kW textile fires can be observed. In 
1500 kW fires, the uppermost textiles protected the lower 
ones and affected the performance of sprinklers. The air 
ventilation did not play a major role. 

 

 
Figure 1.  FED for sprinklered textile fires. Circle on line: air supply to 

room blocked; dash line: 1500 kW; dash-dot line: 150 kW. 
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Abstract 
The extinguishing mechanism of a gas fire suppression 
system is to introduce an inert agent to an enclosure to 
reduce oxygen concentration to below the specific threshold 
level required by the combustible material. Although 
occupants must evacuate in the event of a fire, some might 
be unable to do so. Lowering oxygen level rises health 
concern for occupants in the enclosure. Therefore, the 
required inert agent quantity should be carefully designed 
for an enclosure fire.  

The agent quantity is determined by the discharge time 
and the agent flow rate. With the consideration of the 
leakage of the mixture of air and inert agent in an enclosure, 
an approach is developed to estimate the flow rate of an inert 
agent required to extinguish fires for a specific discharge 
time. The efficiency of the approach is demonstrated through 
a series of CFD numerical simulations on Steckler fire. The 
simulation results shows that the approach can give 
reasonable estimation on the flow rate of an inert agent 
required to extinguish fire and minimize hypoxic effect for 
people.  

 
Approach to estimate the flow rate of an inert agent 

Clean and safe inert agents can extinguish fires by 
lowering the normal 21% oxygen concentration to a level of 
no more than 10-14% [1]. Discharging inert agent to an 
enclosure with a small vent can reduce the oxygen 
concentration. Meanwhile, the mixture of agent and air flow 
out through the vent. Therefore, the oxygen level is mainly 
determined by the added inert agent quantity and the amount 
of mixture flowing out of the enclosure. The oxygen 
consumed by combustion is ignored in this study as a 
suppression system extinguishes a fire in the initial stage 
within a short period.  

The agent flow rate (𝒗𝒗𝒇𝒇) required to reduce oxygen 
concentration to a specific threshold level is calculated as:  

𝒗𝒗𝒇𝒇 = 𝑽𝑽��
𝑪𝑪𝑶𝑶𝟐𝟐
𝟎𝟎

𝑪𝑪𝑶𝑶𝟐𝟐
∗ �

𝟏𝟏/𝒕𝒕

− 𝟏𝟏�                                                      [1] 

Where V is the volume of the enclosure, t is the discharge 
time, 𝑪𝑪𝑶𝑶𝟐𝟐

𝟎𝟎 is the original concentration of oxygen and 𝑪𝑪𝑶𝑶𝟐𝟐
∗  is 

the specific threshold oxygen concentration.  
 
Simulation results 
FDS was used to validate the extinguishing performance of 
an inert agent with a flow rate of Eq. 1 in the Steckler fire. 
In the Steckler room, a burner was placed on the middle 
floor with a HRR of 62.9 kW. The door was closed and a 
vent with size of 0.2×0.2 m2 was located on top of the door. 
The inert agent “Nitrogen+Argon+CO2 IG541” [2] was 
introduced to the room from the ceiling.  

The discharge time was set to be 60 s, 120 s and 180 s 
respectively. Figure 1 shows the predicted HRR and Figure 2 
shows the oxygen concentration. It shows that the agent flow 
rate calculated from Eq.1 can reduce the oxygen 
concentration to the desired level (Figure 2) to extinguish the 
fire in the predetermine time (Figure 1).  
 

  
Figure 1.   Heat release rate (HRR) against time. 

  
Figure 2.   Average oxygen concentration. 
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Abstract 
Automatic sprinkler systems are an effective way to reduce 
the risk of fire events in buildings. The systems have 
demonstrated very high operational reliability and design 
regulations have opened up new opportunities to incorporate 
sprinklers in building design. For robust and fire safe design 
solutions, it is of great importance that the sprinkler 
reliability levels and the performance-based design methods 
used are well justified. Tampere University has carried out 
research to determine sprinkler system reliability levels in 
typical building projects [1]. 

 
Reliability of automatic sprinkler systems 
Sprinkler system reliability is a probabilistic measure of 
assurance that a system will operate in the field as intended 
when required. The successful operation and the overall 
reliability (effectiveness) of a sprinkler system is described 
in three components: operational reliability, availability and 
performance reliability (efficiency). Operational reliability 
is a measure that, the system operates when required. 

The operational reliability of sprinkler systems is 
typically quantified in two different ways: by system-based 
event statistics or by component-based approach. The 
system-based approach estimates the reliability of the entire 
system directly from past performance in actual fire 
incidents. The component-based approach builds the 
operational reliability estimate from the sprinkler system 
component data and failure rates using a fault tree analysis. 
The fault tree for individual systems is typically constructed 
based on the sprinkler system schematic drawings of the 
building. 
 
System-based reliability 
A large number of system-based research have been 
reported in literature, but the estimated reliabilities vary 
significantly due to differences in data and interpretations 
about successful operation of the system. Very recent data 
can be found from [2, 3]. As there is no access to the data of 
the fire statistics, a uniform analysis of different sources is 

not possible and direct application of the data in the risk-
based fire design approach is difficult. 

In the system-based study carried out in Tampere 
university [1], the sprinkler system performance was 
analysed using PRONTO database maintained by the rescue 
services of Finland. Based on the analysis of actual fire 
incidents in 1996 - 2016 the estimated reliability of sprinkler 
systems is 98,1 %. 

 
Component-based reliability 
In component-based approach, a fault tree is first formed 
using the components of sprinkler systems. Individual 
components’ failure probabilities per demand can be 
gathered from literature. The analysis can be supplemented 
with Monte Carlo –simulation when the component data 
varies a lot between different sources. 

In this research [1], the component-based approach was 
applied to a high-rise wooden apartment building and a steel 
framed shopping mall. The fault trees were generated based 
on the actual sprinkler system designs of the buildings. The 
estimated reliability of the sprinkler system in the high-rise 
wooden apartment building was 99,1 – 99,7 % and in the 
steel structure shopping mall 98,0 – 99,3 %.  
 
Summary 
Both the system and the component –based approaches 
demonstrated very high level of operational reliability for 
sprinkler systems. For fire safety design of the buildings, the 
operational reliability needs to be further combined with the 
availability and efficiency components. A robust solution 
also requires sensitivity analysis including the impact of 
maintenance intervals on the overall reliability. 
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Abstract 
The IG-541 consists of gases nitrogen, argon and CO2 in the 
5:4:1 ratio. It works by reducing the oxygen concentration 
to below 15 volume% in the fire room and adds CO2 for 
stimulating the respiratory system to increase the breathing, 
thereby reducing the impact of the reduces oxygen 
concentration. Thus, the personnel risk normally associated 
with reduced oxygen concentration is mitigated while the 
fire is extinguished by the reduced oxygen level1 2.  
 
In Norway, IG-541 fire extinguishing systems are 
increasingly used for protecting historical buildings (made 
of wood with precious interiors), warehouses, buildings for 
vital infrastructure3, etc.  
A new trend is that IG-541is also used in housing for at risk 
groups, e.g. an asylum applicant center, a hotel and a 
psychiatric institution.  
Currently there are plans to install IG-541 in day care senior 
homes. The two main reasons for choosing IG-541 instead 
of sprinkler are: 
     - Long response time from the local fire brigade  
     - The lack of water capacity  
 
Mobile stand-alone IG-541 based fire extinguishing systems 
have been developed by a supplier4. The aim of these 
systems is to protect a person, not able to evacuate by own 
means, in case of a fire until the arrival of the fire brigade 
unit.  
 
The use of IG-541 in these new types of buildings is heavily 
discussed in Norway. Many stakeholders dislike the intro-
duction of IG-541 based fire extinguishing systems in build-
ings where people live, work and sleep.  
 
As part of three bachelor thesis projects, 6 students have 
conducted full scale fire tests to compare the performance of 
a sprinkler system and an IG-541 system. The tests are 
carried out in a full scale resident room / apartment.  
 
The custom made building consists of a combined living 
room/bedroom and a bathroom. The building is equipped 
with a balanced ventilation system. The ceiling height of the 

test facility is adjustable to comply with different heights in 
residential buildings, institutional buildings and senior 
homes. The IG-541 is manually activated 30 seconds after 
smoke detector alarm. The following setups are tested with 
IG-541 and sprinkler system: 
 
1) Psychiatric institute, high ceiling (3.0 meters) low fire 
load, 3 air shifts per hour, scenario’s: focus on arson by the 
resident, e.g. a start fire in the mattress and a start fire in 
wardrobe without a door. Sprinkler type: Raven K80 
Institutional sprinkler 
  
2) Eldery home, normal ceiling (2.4 meters) high fire load, 3 
air shifts per hour, fire scenario’s: focus on fire in clothing 
of a person caused by candle, fire in mattress and curtains. 
Sprinkler type: Residential sprinkler 
 
3) At risk group person living at home, normal ceiling (2,4 
meters), high fire load 
The performance of mobile extinguishing systems, stand 
alone watermist and INERGEN are tested. 0,5 air shifts per 
hour, Fire scenario’s: pizza in electrical oven, an electrical 
heating oven covered by clothing causing a flaming fire.  
 
Data collected 
The following parameters have been measured: 
Temperatures in the enclosure at different heights, visibility, 
CO and O2 levels, noise, pressure, time to activation of 
smoke alarm, time to activation of sprinkler nozzle, time to 
extinguishing. 
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Abstract 
Nature and human made hazards like hurricanes, 
inundations, wildfires, terroristic attacks or incidents in 
nuclear power plants make it necessary to evacuate large 
urban areas in a very short time. So far, the consideration of 
railway transportation is very rarely part of the evacuation 
strategies. One of the reasons is the unknown capacity of 
this infrastructure. 

In case of hurricanes Katrina and Rita e.g. the 
evacuation was accomplished with private vehicles and 
busses [1]. In Germany, especially in the conurbation of 
Nordrhein-Westfalen, where many roads are overloaded 
during the daily rush hours, it is not possible to use only 
road dependent vehicles like private cars or busses to 
evacuate a large number of people into save areas.  

After the nuclear power plant disaster of Fukushima, the 
working group “AG Fukushima” was found, which 
recommends the use of trains for large-scale emergency 
evacuations [2]. However, it is not clear if the capacity of 
the train stations is enough to handle these big evacuations 
in time. 

Hence, this work deals with the question how the 
capacity of train stations can be quantified and optimized for 
this application. Because it is, for logistical, time and 
financial reasons, not possible to close a central station and 
evacuate an entire city to practice a large-scale evacuation in 
an emergency exercise, the studies to estimate the capacity 
of a train station are carried out with the help of the Jülich 
Pedestrian Simulator (JuPedSim), a software tool for 
pedestrian dynamics. 

It has to be mentioned that the aim of the studies 
described here is to make a statement about the capacity of a 
train station and its dynamics, but not to give advances for 
the evacuation process of an entire city. Therefore, a model 
of a train station is built in JuPedSim (figure 1) and several 
parameters like the inflow and the outflow of the pedestrians, 
which are defined by different sources and the available 
trains, as well as the influence of luggage and group 
togetherness on the flow dynamics are examined to find the 
best routing strategy and organizational actions inside the 
train station.  The special focus of this contribution lies 

therefore on the identification of critical bottlenecks. An 
estimation of which parameters are influencing congestion at 
these bottlenecks is presented. In addition, the organizational 
strategies are outlined, which can prevent congestion and 
increase the capacity of the train station. 

 
 
 

 
Figure 1.  Model of a train station (10 tracks) in JuPedSim with 1550 

pedestrians walking from the entrance hall to the platforms 
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Abstract 
In order to allow safe abandonment of the ship in case of 
fire, the LSAs onboard must stay available and usable. 
SOLAS regulation II-2/20.3.1.5 provides a requirement 
stating that for “permanent openings in the side plating, the 
ends or deckhead of the space shall be so situated that a fire 
in the cargo space does not endanger stowage areas and 
embarkation stations for survival craft […]”. 

However, this regulation is open for different 
interpretations as neither detailed requirements nor 
guidelines are available to ensure that the requirements are 
met. There is neither any literature defining a safe distance 
between openings and Life Safety Appliances (LSAs). 

As part of the project FIRESAFE II, conducted by 
Bureau Veritas Marine & Offshore, RISE Research 
Institutes of Sweden and Stena Rederi and funded by the 
European Maritime Safety Agency, an investigation has 
been performed using numerical simulations with Fire 
Dynamics Simulator (FDS) in order to determine a safe 
distance, or “optimal” distance as referred in this study (an 
optimal minimum distance to keep LSAs available and 
usable). The numerical simulations were used to estimate 
the incident radiant heat fluxes from flames exiting from 
openings for ro-ro spaces where a fire is developing.  

Two types of critical endpoints were defined. The 
first one includes an embarkation station for passengers. 
According to MSC.1/Circ.1552, the maximal incident 
radiant heat flux allowed is 2.5 kW/m2. For the second type 
of endpoint (LSA stowage without passenger embarkation), 
the criterion was set to 5.0 kW/m2. 

To determine safety distances between openings 
and LSAs, a parametric study was performed. The incident 
radiant heat flux depends of the flame emissive power 
(depending on the fuel type, flame shape, etc.) and the 
distance between the fire and the endpoint Simulations were 
performed to determine the flame emissive power, and 
finally to determine zones on the generic RoPax ships for 
where LSAs need to be excluded around openings to ensure 
availability and usability.  

For stowed LSAs without embarking passengers 
(e.g. life rafts launched directly into the water), the 
exclusion zone (red exclusion zone 1 in Fig. 1) extends to 
6m around the opening. For LSAs with the presence of 
passengers (e.g. life boats with embarking passengers), the 
exclusion zone (blue exclusion zone 2 in Fig. 1) includes the 
full vertical side of the ship, 6 m forward and aft of the 
opening. These exclusion zones regarding openings and 
evacuation safety are illustrated in Fig. 1.  

  

 
 

Figure 1.  Zones in which LSAs should be excluded, where exclusion 
zone type 1 (red) applies to LSAs which may involve 
passengers and exclusion zone type 2 (blue) applies to LSAs 
which do not involve passengers (e.g. life rafts launched 
directly into the water). 
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The demand for electric vehicles (EVs) continues to 
increase around the world. They have proven to reduce 
emissions and operate more efficiently than vehicles driven 
by fossil-fuels. In part this is made possible due to 
significant technological advances in energy storage 
systems, specifically those that are part of the lithium-ion 
family. Their unmatched properties such as high cycle life, 
high energy density, and high efficiency makes them 
suitable for automotive applications (Nitta, et al. 2015). 

As more lithium-ion battery (LIB) powered road vehicles 
become operational across the globe, their involvement in 
traffic accidents is likely to rise. There is a chance, as in 
conventionally fueled vehicles, that the on-board energy 
storage system becomes a risk to the safety of those involved 
in, or responding to, accidents. While the risks associated 
with conventional vehicles are well-defined and generally 
accepted by society; time and education are needed to 
achieve this comfort level for LIB powered road vehicles. 
 
Fire Risks Associated with Lithium-Ion Batteries 
This paper is part of a project that aims to alleviate such 
concerns. Its role is to provide a basis for fire safety systems 
to be applied to damaged EVs. Of interest are relevant risk 
assessment routines and evaluating what role integrated fire 
safety systems can play in providing greater occupant 
protection. To form this basis, the study combines literature 
studies with risk workshops and physical testing. 

The key problem that has been identified in the literature 
review on EVs relates to the LIB. As their voltage or 
temperature goes beyond their window of safe operation, 
they may enter a self-heating stage. Subsequently there is a 
risk that this local instability propagates further throughout 
the battery and vehicle, see Figure 1. 
 

 
Figure 1.  A strong concern for EVs is of a local failure, which generates 

heat, involving nearby cells and propagating. 

There are many levels of fire safety to consider when it 
comes to vehicles in general. Some of the most obvious 

issues result from collision damage. O’Malley et al. 
(O'Malley, et al. 2015) have shown that mechanical impact 
does not normally destabilise the battery in EVs. It may 
however still lead to problems such as short circuit, release 
of flammable liquids and fire. Once a fire penetrates, or 
starts within, the LIB pack it can become very difficult to 
control (Long, et al. 2013). Our study will present methods 
that can aid in preventing this from materializing and 
reducing the severity of the outcome if it does. 
 
Mitigating the Risk for Electric Road Vehicles 
This project investigates different risk mitigation 
approaches that deal with these matters. Specifically, 
external fires that may penetrate the battery and internal 
fires that may arise inside the battery due to e.g. internal 
defects or external heat. 

Background information and recommendations are given 
regarding safe battery pack integration in vehicles. Different 
strategies are investigated to prevent that the LIB pack is 
affected and to reduce the severity of such an outcome. 

The suitability of fixed fire suppression and detection 
systems in EVs is investigated through review and physical 
testing. An initial analysis will determine how to incorporate 
them appropriately and effectively in the design of EVs. The 
physical tests will then evaluate different systems in realistic 
and repeatable conditions. This will determine if active fire 
safety systems have the potential to delay or reduce the 
effects of a fire in EVs. 
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This article considers the challenges associated with 
fires in the battery package of electric cars onboard ro-ro 
ferries. The article provides an overview of the challenges a 
fire in an electric car battery represents as well as current 
best practices on how to manage such fires. The ro-ro ferry 
MF Fjordveien is used as an example to exemplify the 
challenges that arise when the battery of an electric car 
catches fire, as this ferry does not have any natural 
ventilation due to the car deck being enclosed. An enclosed 
car deck complicates extinguishing efforts as challenges 
regarding smoke and heat is accentuated. 

For the past decade, electric cars have become 
increasingly popular in Norway. Being environmentally 
friendly along with considerable governmental financial 
incentives electric cars is now a strong contender to 
conventional fossil fuel cars. As of June 2019, 45% of all 
new cars sold in Norway has been electric cars and as of 
March 2019, they constitutes more than 7% of the 
Norwegian car fleet [1]. There is no indication that the 
increasing popularity of electric vehicles should subside in 
the future, but rather continue to increase its share of the 
Norwegian car fleet. 

In Norway, ferry companies operate more than 193 ferry 
routes transporting vehicles. These routes ranges from 184 
meters to 109 km and in 2016, ferries transported more than 
21 million cars [2]. The fact that electric cars travels for free 
or gets greatly reduced fares suggests that ferries transport 
hundreds of thousand electric cars every year in Norway. 
Therefore, it is of interest to examine whether these vehicles 
represents a risk to passengers and crew onboard these ro-ro 
ferries.  

There has only been a few reported incidents where 
electric cars have caught fire. Such incidents typically occur 
after the battery package has sustained mechanical damage, 
during charging of the battery or if the battery is exposed to 
external heat. However, such incidents are rare and there has 
only been one reported incident where an electric car has 
caught fire onboard a ferry in Norway. This car, going from 
Oslo to Copenhagen, was originally a fossil fuel car that had 
been modified into an electric car, and was charging when it 
caught fire. With the exception of this incident, there has not 
been any recorded electric car fires onboard ferries in 

Norway. The extremely low frequency of electric car fires 
could be attributed to the fact that the age of the average 
electric car is relatively low combined with a limited 
statistical basis. Whether the fire safety of an electric car 
battery is affected by its age is not certain. Although there is 
no strong indication that an old battery is more likely to 
catch fire compared to a younger battery, it is important to 
be aware that old batteries could represent a greater risk.  

Extinguishing an electric car battery fire is often more 
challenging than extinguishing a fossil fuel car fire. For 
instance, the battery is encapsulated in order to protect the 
battery cells and it is often located underneath the car. This 
makes it more challenging to cool down the burning battery 
cells and consequently increases the amount of water 
necessary to manage the fire. Further, several gases 
produced by a burning lithium battery is more toxic than 
those produced by a burning fossil fuel car [3]. This 
emphasizes the importance of efficient ventilation during 
firefighting efforts. In addition, a battery package that 
sustains comprehensive mechanical damage could catch fire 
several hours after the damage was inflicted [4]. These are 
some of the challenges an electric car battery fire represents 
meaning that an electric car fire could represent a greater 
risk onboard a ro-ro ferry compared to a burning fossil fuel 
car.  

This article examines whether the extinguishing system 
onboard MF Fjordveien, along with the competence and 
capacity of the ferry crew, is sufficient to manage an electric 
car fire. It further examines how the emergency 
preparedness onboard corresponds with current best 
practices for managing an electric car fire.  
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Abstract 
Fires in confined spaces like underground car parks can lead 
to serious consequences but due to limited space it is seems 
very likely that the number of underground metropolitan 
facilities will increase further. The technological 
development in automotive industry comes up with new 
vehicle designs that are based on new materials and energy 
sources. To reduce fuel consumption the curb weight is 
minimized by innovative material compositions. For 
example, many metallic parts have been replaced with 
materials that are combustibles like plastics and composites. 
These lead to higher fire loads per vehicle. An analysis of 
US vehicle data [1] shows that the parts of a vehicle, which 
are classified combustible material increased from 12.8 % 
(averaged from 1995-1999) to 16.1 % (average for 2010-
2014) resulting in a total of 643.6 kg combustible materials 
during the latter period. Further technologies for providing 
traction by new energy carriers come with different fire 
loads as well. Gasoline and diesel used to be the only 
relevant fuels in the market for decades (more than 98 % of 
the registered cars in status January 1st 2018), but due to 
technical innovations and increasing political will the 
market is starting to change dramatically. In the following, 
the results of the German research project “SUVEREN” are 
presented.  

The above mentioned changes in fire load and risk cannot 
be covered when using current prescriptive regulations like 
the German "Garagenverordnung" [2]. SUVEREN addresses 
this gap by developing a performance based design approach 
for car parks. The key part of this approach is a suitable 
time-dependent heat release rate, in this specific case of a 
single passenger car. The Design Fire Curve presented here 
is in alignment with German National annex of Eurocode 1-2 
employing a “t-square” fire growth (category: “fast”) and a 
maximum HRR of 7 MW. These values are derived to 
represent the worst probable case of a fire of a passenger car. 
They result from an analysis of real-scale fire test data 
published by various research groups [3-6]. This data set is 
focused on conventional and electric vehicles and little 

available scientific data about fires of gas-driven vehicles. A 
key finding of the car fire analysis is that the vehicle itself 
(e.g. tires, seats, cover, and electronics) accounts for the 
major part of the fire load, regardless the fuel used to drive 
the car. The updated Design Fire Curve covers the change in 
material composition and vehicle design and can be used to 
assess a car park due to the given safety objectives. 
Using performance based design enables investigation of 
active firefighting methods in a specific case study based on 
the safety objectives (life safety, safety of fire services, asset 
protection). The CFD tool Fire Dynamics Simulator (FDS) 
is used for the analysis. The first two objectives can be 
assessed using the calculated smoke and heat distribution, 
while the structural safety is assessed using the ceiling and 
other solid components temperature. 

In addition to these general ways of assessing safety 
objectives, performance based design allows to define further 
criteria. The fire spread from the initially burning vehicle to 
adjacent vehicles massively influences the conditions for 
firefighters entering the car park. By CFD simulations a 
suitable fire spread criteria can be explored. Depending on 
the “fire spread” criterion an installation of fixed firefighting 
systems in a car park may be a suitable countermeasure.  

The results presented are part of the SUVEREN project, 
which is funded by the German Federal Ministry of 
Education and Research (BMBF) to improve the safety in 
underground facilities regarding new energy carriers. 
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Abstract 
A ro-ro space is a large parking space, normally extending 
the entire length of a ship, to which cargo is rolled on and 
rolled off (hence “ro-ro”). A ro-ro space can either be 
designed as a closed space, opened space (>10% side 
openings) or as a weather deck.  
In the past decade, there have been numerous severe fire 
incidents involving ro-ro spaces. A fire on a ro-ro ship is 
difficult to manage - the fire tends to grow very fast, spread 
is difficult to predict, and it may quickly involve large areas 
of the ship. One crucial parameter for the development of 
these fires is the ventilation conditions, which differs 
considerably depending on the design of the ro-ro space.  
The presente study was a part of the research project RO5, 
which aims to clarify how the ventilation conditions in ro-ro 
spaces affect the fire development and to possibly establish 
suitable conceptual fire protection solutions.  
The aim of this study was to explore how both natural and 
mechanical ventilation can affect fire development within a 
ro-ro space. The intention was to provide basic knowledge 
regarding this subject, so that further simulations and tests 
could be optimized within the project. 
The first was to use experimental data from a previous study 
in scale 1:8 [1] was compared to small scale two-zone 
simulations. CFAST was found the most suitable two-zone 
model to represent the conditions and was used in further 
simulations. 
The second part of the study was a parameter study at large 
scale. Since the experimental model referred to [1] was in 
scale 1:8, the model was upscaled to full scale using Froude 
scaling. This model had the dimensions 91.4 m x 22.3 m x 5 
m (length x width x height). In the model, steel was used as 
material of the walls, ceiling and floor, representing a real 
ro-ro space. 

The results of the parameter study using two-zone fire 
simulations in CFAST indicated that fuel-controlled fire 
development is allowed in both closed ro-ro spaces with the  
prescribed mechanical ventilation and in open ro-ro spaces. 
Due to the results, open ro-ro spaces were recommended to 
be avoided. The use of mechanical ventilation in closed ro-
ro spaces during a fire was recommended to be further 
studied. Furthermore, the definition of a closed ro-ro space 
was suggested to be reviewed since it allows the space to 
have relatively large openings. If natural ventilation is 
nevertheless required, the simulations indicated that (wide) 
openings positioned as low as possible are preferred.  
Because of the large size, there is enough oxygen to sustain 
a long-lasting fire, also in a fully enclosed ro-ro space. The 
fire will produce inert gases in the burning process, such as 
CO2. When the gases eventually reach down to the fire 
source, the fire will start to fade; a phenomenon called 
inerting/vitiation. A previous investigation [2] shows that 
the mechanical ventilation has been used to extract smoke in 
order to improve visibility and locate the fire. This measure 
was however considered risky, based on the simulations in 
this study, since mechanical ventilation may also increase 
the fire development. Furthermore, the mechanical 
ventilation systems onboard a ro-ro ship may not be 
designed for smoke and heat extraction. 
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Abstract 
 

During the last years the need to find new energy 
carriers in the automotive sector has increased in order to 
reduce the greenhouse gases which are poured into the 
atmosphere due to the use of fossil fuels such as gasoline, 
diesel and liquefied petroleum gas. 

 
A growing part of the car fleet in Norway and Europe 

are powered by alternative energy carriers. In this way, 
traditional gas stations are expected to become energy 
stations with the main use of electricity and hydrogen. 

 
This work analyses new energy stations where different 

risks in relation to the fire, leakage and explosion may be 
compared to that of current gas stations. Currently, the 
understanding of risks that may appear in hydrogen 
refueling stations (HRS) are still under development, so it 
becomes a major challenge for fire safety engineering. 

 
The study is to analyze the hazards, fire causes and its 

consequences in hydrogen service station, based on incident 
data collection for petrol service station. 

 
A service station is used as a case study. It will have a 

supply for gasoline and diesel vehicles, as well as for battery 
and hydrogen electric vehicles. Fossil fuels are stored in 
tanks for subsequent supply to the dispensers, while 
hydrogen is produced from water using electrolysis, where 
electricity is provided by solar panels located on the 
station's own roof and from the electrical grid. Regarding 
the hydrogen production on site, this may be transported by 
pipelines to on site storage facilities, where it is pressurized 
in tanks for supplying service. 

 

In order to analyze this new infrastructure and compare 
its risks with that of traditional petrol stations, different 
methods for qualitative and quantitative risk assessments [1] 
are used, thus determining which method that is the most 
relevant. For this, it was necessary to identify hazards [2] in 
the hydrogen infrastructure by PHA (Preliminary Hazard 
Analysis). Moreover, development of better assessments 
necessitated use methods like FMECA (Failure Modes, 
Effects, and Criticality Analysis) and HazOp (Hazard and 
Operability). These last methods are used when the 
functional breakdown is sufficiently detailed. The objective 
was to find the consequences caused by deviations or 
hazards in the systems regarding to fire and/or explosion, 
and furthermore, to make an evaluation of whether the 
refueling station design taken into consideration was safe. 
 

Deviations related to flow and pressures of the system 
were analyzed. Overpressures, fatigue of materials and 
valves failures were identified as causes of hydrogen 
leakage.  

 
In addition to focusing on the risks, accident scenarios 

were described in connection with hydrogen leakages in 
storage and dispensing, detected by means of risk 
assessment. These scenarios were simulated in FDS 
modelling software, where the concentration of hydrogen 
was studied in order to analyze different flow leakage rates. 
Finally, different ventilation rates were investigated to 
reduce the possibility of generating an explosive 
atmosphere.   
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Abstract 
Ro-ro spaces are an important component in the shipping 
industry. The concept is simple: a deck to which vehicles 
and other cargos can be rolled on and off. In recent years, at 
least one serious accident per year has been reported. The 
statistics for ro-ro space fires clearly show that practical 
solutions are needed to reduce the risk of fire on ro-ro 
spaces. 
              To clarify how the ro-ro space ventilation affects 
the fire development on board, a project called RO5 (ro-ro 
space fire ventilation) have been conducted at RISE 
Research Institutes of Sweden (see Figure 1). Small scale 
tests, as well as numerical simulations, have been performed 
to gain insights from the fire scenarios and to propose 
recommendations to reduce the fire accidents and losses of 
ships. Experiments can provide reliable information, but is 
time consuming and requires high cost. Numerical 
simulation using a CFD tool is important for future design 
of new types of spaces and is the focus of this presentation.  

Numerical simulations have been performed with   
Fire Dynamics Simulator (FDS) in a small scale deck with 
dimensions 14.4 m × 2.8 m × 0.6 m (length × width × 
height). Different opening ratios from 1% to 10% are 
studied (see Figure 2). Temperature, flow velocity and gas 
concentration (CO, CO2 and O2) are measured. 

Numerical study shows that when the opening ratio 
is smaller than 6%, the fire self-extinguishes. The larger the 
opening, the longer time the fire lasts. When the deck is 
fully sealed, the time to reach self-extinguishment is about 
1.7 min, while with a 6% opening it is about 4 min.  

Besides the opening ratio, the sill and soffit also 
affect the fire. With 10% opening, the fire can freely 
develop when the opening is at the top and the middle, but 
self-extinguishes when it is at the bottom. A lower sill can 
help the fire to self-extinguish. 

The opening geometry is also supposed to affect 
the fire development. At the same opening ratio, a narrower 
opening facilitates the transportation of smoke in the upper 
layer and the coming of fresh air in the lower layer. 
However, this effect is not obvious in the study with 
opening ratio at 10%. 

The scenarios with no opening at the side walls but 
with one or two ends open are also investigated. The fire 
self-extinguishes with one end open but can freely develop 
with two ends open.  

 The results from FDS are finally compared with 
that from the experiment and some difference is found. The 
mixing-controlled combustion model in FDS cannot 
accurately determine the fire extinction and more study is 
needed to improve the numerical simulation. 

 
 

 
 

Figure 1.  Fire in a small scale ro-ro deck. The openings at the side walls 
affect the fire development. Certain opening geometry can 
help reduce the fire damage. 
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Figure 2.  Three scenarios investigated in the study, opening ratio at 0%, 
1% and 4%. There are 15 scenarios in total, to provide 
information of openings on the fire development. 
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