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Preface

It is our pleasure to hand over to you this book of abstracts for the Nordic Fire & 
Safety Days 2021, a conference, held biannually in the Øresund Region. We glad-
ly present the abstracts of 32 Nordic and international contributions in the pres-
ent book of abstracts. The work demonstrates scientific depth and societal relevance.  
 
The NFSD is organized by RISE Research Institutes of Sweden in collaboration Tech-
nical University of Denmark, Norwegian University of Science and Technology, 
Lund University, Aalto University, Luleå University, University of Stavanger, West-
ern Norway University of Applied Sciences and Iceland University as well as VTT  
Technical Research  Centre of  Finland  Ltd and Danish Institute of Fire and Security Tech-
nology.

The success of the NFSD has been expanded in the collaboration to a broader network, the 
NFSN, a Nordic platform aiming at being a meeting point for professionals from industry, 
municipalities (including the fire service and other local government professionals), research 
institutes and universities. 

In 2020 the project The Nordic Fire and Safety Network Focus on Energy (NFSNergy) re-
ceived funding by Nordic Energy Research. The network organizes the exchange of PhD 
students and researchers. The focus is safety of buildings and energy infrastructures. Further-
more, NFSN runs summer schools, webinars and teaching for professionals and it supports 
research collaborations. The Nordic Fire and Safety Days are now one activity in the network. 
This year’s program follows up on issues of fire safety and human behavior as well as rescue 
service and risk management and safety issues related to energy carriers, transportation and 
timber buildings. Due to Covid19 NFSD 2021 held digitally. The powerful contributions 
from the community let us look forward to 2 inspiring days.   

Anne S. Dederichs
Conference chair
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Abstract 

During the last years, wildfires have become more frequent 

and devastating worldwide. Fire seasons in California or 

Australia are examples on how these phenomena can 

threaten the safety of both people and structures. Focusing 

in Europe, wildfires in the Southern countries (Portugal, 

Spain, Italy, Greece, France…) have mainly occurred during 
summer seasons. However, due to the weather changes 

occasioned by climate change, Northern countries have 

begun to suffer these events too. 

To avoid or control these events, the first essential step is to 

understand wildfires: types of fires, when they are more 

probable to occur, what are the main factors affecting them 

and how we can characterise and compare wildfires are key 

steps to study the behaviour of wildfires. To this end, 

wildfires can be classified in three types depending on the 

layer of vegetation that is affected. Crown fires are those 

that have ascended from the ground into the forest canopy 

and are spreading through it; surface fires are fires burning 

through litter, dead and downed material, and low-lying 

vegetation; and ground fires consist of the smouldering or 

glowing combustion of the decomposed organic materials 
that is found below the surface. Depending on the 

conditions, the layers that burn can vary. 

The occurrence of wildfires has been widely analysed, being 

95% of wildfires’ human-caused (of that with known 
causes). Summer season is the main period of occurrence in 

the Mediterranean countries, while in the rest of Europe 

fires mostly occur in spring. Additionally, during the day 

fires are more probable from 14:00 to 17:00. 

When looking at the factors governing wildfires, distance to 

transport network or to urban or recreational areas, as well 

as wildland urban interface (WUI) are commonly used in 

the modelling of fire propagation. Regarding environmental 

factors, weather, fuel and topography are the three key 

parameters that are considered the main factor influencing 

the ignition and spread of these fires. Any change on these 

factors influences the risk and damage of fires both 

increasing or decreasing them. 

To compare fires and to determine their damage, four main 
terms are used. They are commonly misused and 

interchanged, but a correct and common use is required to 

ensure the interchangeability of information: fire intensity, 

fire severity, burn severity and ecosystems response. 

As we said before, wildfires in Scandinavian have started 

becoming more frequent and intense, and their fighting is 

gaining attention. It is vital to share the existing knowledge 

that Mediterranean countries has gained over the years, and 

adapt it to the particular situation that is encountered in the 

Northern countries. Starting with a huge culture on fire, 

Scandinavian lifestyle is characterised by wooden isolated 

structures with difficult road access and surrounded by 

wildlife. The distribution of these structures makes almost 

impossible to define a clear Wildland Urban Interface. 

Additionally, when studying the fire risk in this region we 
can see the huge existing distribution of both vegetation and 

climate, with differences between inland regions and coastal 

ones. On top of that, we need to consider the current 

uncertainty generated by climate change, which is 

producing an increase in temperature and dry periods in the 

region that the local vegetation is not used to, being more 

fire prone. 

As a conclusion of this study, there are four main needs that 
should be covered soon. First, the vegetation in Scandinavia 

should be analysed, characterised, and registered to create a 

database of fire related parameters available for modelling 

purposes. Second, the variations caused by climate change 

should be analysed. Third, WUI should be defined under 

these circumstances to work with this area. Finally, 

unification of terminology, shared of knowledge and 

collaboration is essential if we want to ensure the success of 

this new period. 

References 
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Abstract 
Over the past thirty years or so, there has been significant 

focus on reducing the carbon footprint of the built 
environment, including an increasing emphasis on making 
buildings more sustainable or ‘green’. Particular attention 
was given to energy efficiency, use of alternative energy 
sources, and reduction in material usage. About fifteen years 
ago, some in the fire safety community began to be concerned 
about whether ‘green’ materials, systems, technologies and 
features (‘green’ attributes of buildings) presented fire safety 
challenges to occupants and first responders, particularly in 
ways that differed from ‘traditional’ construction attributes 
might. In 2012, the Fire Protection Research Foundation 
(FPRF) of the National Fire Protection Association (NFPA) 
in the USA supported a literature review focused on this topic 
[1]. In 2020, the FPRF sponsored an updated information 
review to benchmark how the landscape of fire safety 
challenges of ‘green’ attributes of buildings has changed 
since 2012. A summary of the key findings from this 2020 
review is provided.  

Project Context and Aims 
The focus of the 2012 effort was to: “identify documented 

fire incidents in ‘green’ buildings; define a specific set of 
elements in ‘green’ building design, including configuration 
and materials, which, without mitigating strategies, increase 
fire risk, decrease safety or decrease building performance in 
comparison with ‘traditional’ construction; identify and 
summarize existing best practice case studies in which the 
risk introduced by specific ‘green’ building design elements 
has been explicitly addressed; and compile research studies 
related to incorporating building safety, life safety and fire 
safety as an explicit element in ‘green’ building indices, 
identifying gaps and specific needed research areas.” [1]. At 
the time, it was found that there was not a great deal of fire 
incident data, a clear taxonomy of ‘green’ attributes of 
buildings or of the fire hazard or risk they might pose, or how 
that might be compared to ‘traditional’ construction.  

As a result, the 2012 effort identified some 80 ‘green’ 
attributes of buildings and 22 potential sources of increased 
hazard or risk associated, combined the ‘green’ attributes of 

buildings and the potential sources of increased hazard or risk 
into a relative risk matrix, and presented the information in 
tabular format with qualitative representations of the 
potential for increased risk if not mitigated. 

In the years since, there have been several major building 
fire events which arguably involved ‘green’ attributes, 
including the Grenfell Tower fire in London (involving 
combustible insulation). This has contributed additional 
cases for study. In addition, more research on the fire 
performance of a wide range of ‘green’ attributes of buildings 
has been conducted, both in terms of collection of loss data, 
but also as a result of fire research and testing. As a result, 
numerous changes and/or additions have been made to 
regulations, standards and guidance around managing and 
mitigating associated fire hazards and risks. Furthermore, 
new ‘green’ attributes have been or are being developed and 
implemented, for which in some cases the fire hazards or 
risks may not be well understood.   

To understand the extent of changes, a comprehensive 
review into how the landscape of fire safety challenges of 
‘green’ attributes of buildings has changed since 2012 was 
conducted. It was based on a global information search of 
more than 400 sources into fire events involving ‘green’ 
and/or sustainable building materials, systems and features; 
emerging ‘green’ building materials, systems and features; 
and research, regulatory changes, engineering approaches, 
risk mitigation strategies, and firefighting tactics associated 
with fire challenges with ‘green’ and/or sustainable building 
materials, systems and features [2].  

Topics Considered 
As an initial step, a review of the literature (scientific, media 
reports, and where publicly available, fire loss data and 
investigation reports) was undertaken to develop a 
contemporary list of fire and safety events that have involved 
‘green’ building attributes, and to understand how the 
information is cataloged and presented. The scientific 
literature was then reviewed to understand what research has 
been conducted on fire performance of ‘green’ attributes. 
From these reviews, the categorization of ‘green’ attributes, 
fire hazards and risks of concern from 2012 were updated, as 
were the ‘risk matrix’ and table which illustrated the relative 
hazard or risk of the ‘green’ attribute if unmitigated.  
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The concept of ‘resiliency’ was then considered in the 
context of understanding whether facilitating a ‘sustainable 
and fire resilient’ (SAFR) approach to buildings might be 
beneficial. This was supplemented by a review of changes to 
regulations, standards and guidance associated with 
mitigating fire challenges of ‘green’ attributes, and on 
information on firefighting tactics associated with fire and 
‘green’ attributes. When the information review was 
completed, an analysis was undertaken to identify research, 
mitigation and firefighting gaps that remain, new challenges 
that exist, and areas where future research and development 
might be beneficial.  

Summary of Main Findings 
The main findings of the review and analysis are summarized 
by the following seven focal areas [2]. 

Integration of ‘green’ (sustainable) attributes of 
buildings into fire incident reporting systems is needed. 
While more fire incident data are available than was 
identified in 2012, there remains significant gaps in reporting 
on fire ignitions and contributions to losses from ‘green’ 
attributes of buildings. While major events such as the 
Grenfell Tower fire capture attention for some time, it may 
be that there are hundreds of fires involving ‘green’ building 
attributes that are not identified, and therefore not available 
to inform mitigation options.  

More robust and appropriate test methods, which yield 
engineering data, for assessment of material, component and 
systems performance are needed. While some progress has 
been made on better understanding fire performance of 
‘green’ attributes of buildings, some of the current 
standardized testing may not capture the fire safety hazards 
and risks of the materials, systems and technologies in use 
(i.e. real life scenarios) well enough. Furthermore, the 
outcomes of the tests are not always conducive to engineering 
analysis through computational methods; and given the cost 
of mid- and full-scale testing, relevant data for the 
extrapolation or interpolation of results using engineering 
methods, are not developed.  

Integration of fire performance considerations into 
research and development of ‘green’ attributes of buildings 
is needed.  As emerging technologies such as carbon capture 
systems, new structural materials, building integrated 
photovoltaics system (BIPV) and more are developed, fire 
safety needs to be at the front end of the design process and 
not an afterthought. Consider what happens as building BIPV 
technology becomes fulling integrated into façade systems, 
providing a potential source of ignition that is continuously 
available. In product design, like building design, the cost to 
mitigate at the end is much higher than at the outset.  

Robust risk and performance assessment methods and 
tools, which are founded on broad expert stakeholder 
knowledge and experience, available data, and expert 
judgment where data are lacking. One could argue that, by 
definition, emerging technologies will have many unknowns. 
While testing can provide insight into part of a fire scenario, 
it may be insufficient to understand the overall fire 

performance. Risk-informed performance-based methods are 
needed to provide insight into the range of possible 
realizations of complex systems designs, and to inform 
mitigation strategies to control the risks to tolerable levels. 
Without all of the physical or statistical data needed to make 
judgements with very small bands of uncertainty, expert 
judgment, broad stakeholder deliberations, and use of 
available data will be needed.  

Better tools for holistic design and performance 
assessment are needed, taking advantage of BIM and other 
technologies that are defining the future of the construction 
market. Fire safety design is not, and should not, be an 
isolated practice. Rather, it is part of a holistic design of a 
building. Better analysis and design tools for support of 
multi-dimensional performance assessment will be needed, 
and more use of technologies such as BIM, which are already 
widely used in the design practice, will be needed. As the 
industry moves to modular, or prefabricated prefinished 
volumetric construction, analysis and design decisions will 
be made ‘in the shop’ prior to manufacturing of components 
for shipment to the site and assembled into a finished 
building. Verification of fire performance is needed here too. 

Transition to more holistic, socio-technical systems 
approaches is needed. The current building regulatory 
system continues to take a ‘regulation by event’ approach, in 
which regulatory development and building design is 
undertaken by disparate experts working in individual silos 
with the hopes that the outcome works to prevent the most 
recent incident from occurring again. There are numerous 
societal and market objectives for building design and 
construction, which should provide lifetime performance in 
operation, across a wide spectrum of stakeholder needs. 
Evolving building regulatory systems to a more socio-
technical systems approach can help better deliver the 
diversity of objectives for a building for its lifetime.   

Further development and articulation of the SAFR 
building concepts and its societal and economic benefits is 
needed. The concept of sustainable and fire resilient (SAFR) 
buildings, infrastructure and communities has been proposed 
as a way to better integrate sustainability and fire safety 
performance objectives in building planning, design and 
performance. A ‘green’ building is not so ‘green’ if it burns 
down and needs to be reconstructed. A fire sprinkler system 
is not just a life safety system, but is a means to minimize 
environmental impact should a fire occur. Steps need to be 
taken to develop concepts that deliver on both objectives in a 
holistic manner. 

References 
[1] Meacham, B., Poole, B., Echeverria, J. Cheng, R. (2012). Fire Safety

Challenges of Green Buildings, Fire Protection Research Foundation,
Qunicy, MA, USA, November 2012.

[2] Meacham, B.J. and McNamee, M. (2020). Fire Safety Challenges of
‘Green’ Buildings and Attributes, Fire Protection Research
Foundation, Quincy, MA, USA, October 2020.* 

*The material in this article is excerpted from the report Fire Safety
Challenges of ‘Green’ Buildings and Attributes and is reprinted with
permission of the FPRF. 
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Abstract 
September 28th, 2020, a fire at the Equinor liquefied natural 
gas (LNG) plant at Melkøya, close to the Norwegian town 
Hammerfest, got national attention. The town, and homes 
merely 2.2 km from the plant, had free view to tall flames and 
a massive black smoke plume.  

The fire took place in the filter house in one of five gas 
turbine generators (GTG). This GTG was not in operation 
while the air intake heat exchanger was supplied with hotoil 
at 260 °C. Ignition tests showed that the 15% polyester and 
85% glass fiber filters could glow like smoldering materials. 
Thus, self-heating was a fire start candidate. Filter bag test 
samples (10 cm x 10 cm x 8 cm height) revealed that used 
filters tended to self-heat at significantly lower temperatures 
than new filters. Temperature delay when heating used filters 
indicated that biomass drying played a role. Tests of full-scale 
filter cassettes (60 cm by 60 cm and 50 cm bag depth) showed 
that significant self-heating took place at temperatures as low 
as 150 °C. Smoke production and rapid transition to flaming 
combustion was achieved at temperatures as low as 160 °C. 
Flames from burning filters likely resulted in the hotoil heat 
exchanger collapse and hotoil release significantly increasing 
the fire severity. The plant is currently shut down for a one-
year repair and maintenance period. 

 
The facility 
The LNG plant is located in the Arctic areas of Norway, at 
70.7° N, 3.8 km north-west of the Hammerfest town center. 
It employs 500 people including external consultants, ship 
handling personnel, etc. It is by far the most important pro-
cessing plant in the northern regions of Norway and due to its 
size and the amount of flammable gases and liquids handed, 
one of eight Seveso directive oil and gas plants in Norway. 

At the LNG plant, the well stream from the Snøhvit field 
is separated into condensate, liquid petroleum gas (LPG) and 
methane, which is compressed and cooled to LNG at -163 °C. 
The well stream CO2 content is separated, compressed, and 
stored offshore. The plant is to a large extent self-supplied 
with electricity due to five gas turbine generators (GTGs).  

At normal speed, each GTG consumes about 100 m3 air/s 
and has a filter house where this air supply passes through 
coarse and fine filters to prevent turbine damage by alien 
objects. The acceleration of the air through the air intake, and 
the expansion of the air through the coarse and fine filters, 

result in a few degrees temperature drop. For given combinat-
ions of temperature and relative humidity in days of ambient 
temperature below 5 °C, the supply air is preheated to prevent 
ice formation. At the plant, hotoil heated to 260 °C in the 
exhaust heat recovery unit is used as an internal energy carrier. 
This hotoil is used for the GTG air supply heat exchangers.  

Due to a national grid anomality, the plant tripped, and was 
out of operation. September 28th, 2020, during the start-up of 
the plant, a fire was observed in GTG4, as seen in Figure 1.  

 

 
Figure 1.  The fire at Hammerfest LNG (photo: Bjarne Halvorsen). 

This visible fire, in a plant with major accident potential, 
happened 8 weeks after the August 4th, 2020 Beirut explosion. 
Thus, the fire caught significant local and national attention. 
It is still under investigation by Norwegian authorities, i.e., the 
Petroleum Safety Authority (PSA) and The National Criminal 
Investigation Service (Kripos), as well as the Equinor corpo-
rate investigation team.  

 
Initial ignition tests 
At first, there were no clues as to what could ignited an 
unengaged air intake. To familiarize with the filter materials 
[1], especially the upstream coarse filters, i.e., bag filters, 40 
cm from the hotoil air supply heat exchanger, simple ignition 
tests, as shown in Figure 2, were done. The filter material 
glowed when heated. This cannot be caused by the 15% 
polyester, which would melt and shrink away from a heat 
source. The 85% glass fibers do, however, have the potential 
to glow, and act as a rigid structure. Such rigid structures may 
be associated with self-heating and smoldering materials [2].  
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Figure 2.  Ignition tests, flames (left) and glowing glass fibres (right). 

Small scale self-heating tests 
Test specimens of new and used coarse (bag) filters (10 cm by 
10 cm by 8 cm height) were heated in a muffle furnace. New 
filters showed no tendency for self-heating at temperatures 
below 200 °C. However, used filters at, e.g., 195 °C resulted 
in significant self-heating, as seen in Figure 3.  

 

 
Figure 3.  Temperatures recorded at 195 °C in a small-scale filter test. 

Full scale (filter cassette) self-heating tests 
For materials that can show potential for self-heating, the 
volume to surface ratio is important [2]. It was therefore 
decided to test entire filter cassettes in a 2 m3 test cabinet 
where the temperature could be gradually increased and then 
stabilized for long holding time, see Figure 4 (left). The test 
cabinet was built at RISE Fire Research, Trondheim, where 
the filter cassette tests took place.  
 

    
Figure 4.  Test unit, 2 m3, (left). Used bag filter tested at 200 °C (right). 

Flaming ignition was observed at temperatures above 160 
°C, as shown in Figure 4 (right). Even at 150 °C, significant 
self-heating was observed, as shown in Figure 5. A clue to 
why used filters self-ignite at lower temperatures than new 
filters is evident in Figure 6.  

 
Figure 5.  Used filter bag cassette tested at 150 °C. 

 
Figure 6.  Representative pterygota from a used coarse filter bag. 

CFD modelling 
CFD modelling confirmed that temperatures in the range 
necessary for initiating used filter bag self-heating was likely 
on a 14 °C calm sunny day, such as September 28th, 2020 
 
A similar fire incident and lessons learned 
March 24th, 2015, an HVAC air intake fire occurred offshore 
[3]. This unengaged air intake was heated by a steam heat 
exchanger [4]. Tests revealed that a filter self-ignited after 10 
hours at 180 °C [6]. Had this information been better shared, 
the LNG plant fire, which became more severe due to com-
bustible hotoil [6], could probably have been prevented.  

Sharing incident information to the academic society may 
help prevent similar future air intake fires by, e.g., understand-
ing possible self-heating mechanisms, including influence of 
accumulated biomass, warning system for excessive filter 
house temperature, improved operation procedures and check 
valves to prevent combustible heat exchange fluid from 
draining into a potentially collapsed heat exchanger.  
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Introduction 
The oil and gas industry is an aging industry and represents a 
threat with regard to the potential of major accidents. Ignition 
of hydrocarbon leaks may result in flame temperatures in the 
range 1100-1200 °C, corresponding to 250-350 kW/m2 in 
heat flux levels. Last year, two major fires occurred in the 
Norwegian process industry, i.e., at the Hammerfest LNG 
plant and at the Tjeldbergodden methanol factory, both 
facilities under the major accident "Seveso" directive. 

To limit possible escalation of an initial fire, passive fire 
protection may serve as a consequence reducing barrier. 
Often, the equipment requires thermal insulation, in addition 
to passive fire protection (PFP), due to, e.g., heat or cold 
conservation. Previous small-scale jet fire tests [1,2] have 
demonstrated that thermal insulation alone, at least for some 
limited period, may provide sufficient protection against 
hydrocarbon fires. Further investigations of the thermal 
insulation [4] have been performed in a muffle oven [2,3], 
where pieces of 50 x 50 x 50 mm cubes of the thermal 
insulation were heated to temperatures between 700 and 1200 
°C. At 1200 °C, the porous thermal insulation degraded and 
partly melted. When cooled, it had a stone like texture. 

In the present study, a numerical model, predicting the 
temperature development through the insulation during fire 
exposure is developed. The model includes thermal insulation 
breakdown and changes in thermal transport properties during 
the heat exposure. Finally, the temperature profile of the 
thermally insulated surfaces during the fire exposure has been 
calculated.  
 
Numerical model 
The general model is illustrated in Figure 1. The fire exposure 
in the model is based upon the measured temperature in 
previous small-scale jet fire tests by Bjørge et al. [1,2]. The 
modelling is completed by iterating the temperature through 
the layers and integration with time.  

The 50 mm thermal insulation layer (layer 2) is divided 
into 25 layers, where the temperature is iterated from the 
weather cladding (layer 1), through the insulation and further 
through the exposed and unexposed steel members. The build-
up of the calculated configuration, with base in the same setup 
as in the small jet fire tests [1,2], is presented in Figure 1. 

 

  
 
Figure 1.  Sketch of the fire exposure model. Weather protection cladding 

(1), thermal insulation (2), perforated steel plate (3), air gap (4), 
the exposed steel (5), air gap (6), and unexposed steel (7). 

The heat transfer through the different layers is calculated 
by Equation 1:  

 
𝑇𝑇𝑖𝑖,𝑡𝑡+∆𝑡𝑡 = (𝑄𝑄𝑖𝑖𝑖𝑖,𝑖𝑖,𝑡𝑡−𝑄𝑄𝑜𝑜𝑜𝑜𝑡𝑡,𝑖𝑖,𝑡𝑡)

𝜌𝜌1,𝑡𝑡𝐶𝐶𝑝𝑝,𝑖𝑖,𝑡𝑡𝑑𝑑𝑥𝑥𝑖𝑖
⋅ ∆𝑡𝑡 + 𝑇𝑇𝑖𝑖        (1) 

 
where Qin, Qout, ∆t, ρ, Cp, dx and T is the incoming heat, heat 
loss to the next layer, time step, density, heat capacity, thick-
ness of the layer and the calculated temperature in the pre-
vious layer, respectively. The Qin and Qout are calculated for 
each layer, considering proper boundary conditions, tempera-
ture dependent parameters, etc. Steel member dimensions 
and thermal properties versus the thermal insulation dimen-
sion and properties, allowed the steel members to be treated 
as lumped thermal capacity bodies.  
 
Thermal conductivity 
The industrial thermal insulation is a pours material, with low 
thermal conductivity at ambient temperature. Since the pore 
radiation dominates the internal heat transfer, the thermal 
conductivity is a function of absolute temperature to the third 
power [6]. For the tested thermal insulation, the conductivity 
is given by: 

 
𝑘𝑘𝑖𝑖𝑖𝑖𝑖𝑖 = 0.034 + 0.311 ⋅ 10−9 ⋅ 𝑇𝑇3  (2) 

 
However, when exposed to temperatures above 600 °C, 

the thermal insulation starts to sinter, and changes consider-
ably, especially at temperatures above 1100 °C. This is illu-
strated by the ambient temperature thermal conductivity of 
heat-treated thermal insulation, as seen in Figure 2. The 
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thermal insulation changes from a soft, porous consistency to 
a stone like material after exposure to 1200 °C. 

 

 
Figure 2.  Ambient temperature thermal conductivity [3] of heat treated 

industrial thermal insulation measured by the TPS-method [5]. 

TPS measurements of the thermal insulation, after heat 
exposure in a muffle furnace, have been performed up to 700 
°C and extrapolated up to 1200 °C. The result from the TPS 
measurements is included in the numerical model. 

A significant shrinkage of the material also takes place, 
especially at temperatures above 1100 °C. In addition to the 
increased thermal conductivity, the shrinking results in gaps 
in the insulation mat, which also had to be modelled. 
 
Results 
The results from the small-scale jet fire tests [1,2] and the 
corresponding calculated temperature of the exposed and the 
unexposed steel is presented in Figure 3. The measured flame 
temperature from the small-scale tests were used as a 
boundary condition in the numerical calculation. 
 

 
Figure 3.  The measured temperature vs. modelled temperature in the 

unexposed and exposed steel from the small-scale jet fire tests.  

Conclusion 
This far, the study shows that the numerical model gives a 
fair estimate on the temperature development for the fire 
exposed thermally insulated steel members. However, the 
model may be improved with more detailed information 
about the breakdown of the thermal insulation. Modelling the 
temperature development when a thin layer of a more heat 
resistant passive fire protection is added on the heat exposed 

surface could be very valuable. This layer could potentially 
lead to a significant delay in the thermal insulation break 
down, when ensuring that the thermal insulation is not 
exposed to temperatures in excess of, e.g., 1100 °C. This 
could make the system survive a much longer period of fire 
exposure before significant temperature increase in the steel 
members is observed. This modelling is now ongoing, and 
the results will most likely be in place before the full paper 
submission deadline. 
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Abstract 
The current study deals with the application of inert gas 
extinguishing systems in staircases. Traditionally inert gases 
are used in un-populated domains. They are popular as they 
are non-intrusive and do not cause water damage. A fire in a 
staircase, extinguished using inert gases induces competing 
effects from the falling heavy gas and the counterflowing 
inducing buoyancy from the fire. These effects were studied 
in a full-scale experiment. The study has the following 
findings: In case of small leakages, the fire was 
extinguished within 100 seconds. In occurrence of a fire, 
buoyancy was the driving the dispersion of the gas after 
discharge, leading to lower oxygen level on the top floors 
and hence, lower temperatures.  
 
Introduction 
Inert gas extinguishing systems have been used and 
developed for a wide range of tasks, as they are less 
intrusive and, hence, minimize the damage of a building and 
interior [1, 2]. As the gas displaces oxygen, it is preferably 
applied in uninhabited enclosures, such as engine rooms [3].  
 
The physiological effects of the inhalation of inert gases and 
limits for an acceptable level of concentration have been 
studied [4, 5]. Water damages due to sprinklers occur [1]. 
An application of inert gas extinguishing for inhabited areas 
as staircases shall be studied in the current work.  
Competing effects can be predicted, when a fire in the 
geometry of a staircase is extinguished with the potential 
descend of the heavy inert gas [6], as a possible fire leads to 
buoyancy effects counterflowing the falling of the gas.  
The goal of the current study is to investigate these effects 
in a full-scale experiment. A sudden descent of oxygen 
supply below 14.5% [7] may lead to increase in heart rate 
and breathlessness, hypoxia.   
 
Method 
Full scale experiments were carried out in Hillerød Fire 
Station, Denmark. Three 100 kW and 330 kW heptane pool 
 

Figure 1: geometry of the staircase 

 
fires were ignited in levels 1, 3 and 5 separately. In this 
abstract the results for the 100 kW fire will be shown. The 
oxygen concentration was measured using 3 Peatron AG 
FCX-TR Ziconia oxygen transmitters. 6 thermocouples 
were installed. 2 in every floor. Furthermore, the fire 
development was monitored using video footage using Drift 
X170 cams. The gas IG901 was manual released after 30 
seconds with a total discharge time of 90 seconds[8].  The 
experiment consists of two different runs involving fire on 
floors 1,3 and 5. Run 1, dry run, is the reference setup. It is 
carried out without the use of IG901, a gas consisting of 
92% nitrogen and 8% CO2. The density of IG901 (1.3 
kg/m3) is higher than air (1.225 kg/m3) and less dense than 
the traditional IG541 with a composition of 52% N2 , 40% 
Ar, 8% CO2 and a density of 1.421kg/m3 [2].  
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Results and Discussion 
The pool fire was ignited on level 1, 3 and 5 and the O2 
concentration- was measured on levels 1.5, 3.5 and 6. The gas 
was discharged after 30 seconds. Figure 2 shows the 
temperature distribution for the extinguished fire, measured 
and positioned at floor 1 and the distribution for the free burn 
fire on the same floor. The interruption of the temperature 
development because of the inert gas can be seen. Figure 3 
shows the temperature distribution for fires on levels 1,3 and 
5, quenched by IG901. Due to buoyancy and the rise of the 
IG901 the temperatures of the upper floors are lower than for 
the fire at the ground floor.  

 
Figure 2: Temperature for the extinguished fire, floor 1 compared 
to the free burn 

 
Figure 3: Temperature for the extinguished fires at floors 1,3 and 5 

Figure 4 shows the oxygen concentration at 3 runs with fire 
and 1 reference. The straight lines show the oxygen 
concentrations on floor 1,5 for reference run (black) and the 
run with use of IG901 (red). The dashed lines show the oxygen 
concentrations on floor 3,5 for reference run (black) and the 
run with use of IG901 (red). And the dotted lines show the 
oxygen concentrations on floor 6 for reference run (black) and 
the run with use of IG901 (red). With respect to the use of IG 
901, the oxygen concentration decreases with increasing 
height. However, the concentrations for floor 3,5 and 6 do not 
differ that much. Furthermore, in case of fire on floor 3 and 5, 
the oxygen concentrations are lower than for the reference run. 
For fire on floor 1, the oxygen concentrations are higher than 
for the reference run. An explanation can be that buoyancy 
leads to a rise of the IG901 in the staircase, leading to an 
inflow of air from the outside through leakages.  
This explains also the oxygen concentrations on the upper part 
of the stairs at levels 3,5 and 6. 
 
 

 

Figure 4:O2 level above the fire floor with a fire ignited at floor 
1,3 and 5. 

Conclusion 
A large-scale experiment in a 6-level staircase was carried 
for the current study. The inert gas IG901 was used for 
extinguishing of fires in three runs and on three levels in a 
staircase. The effect of gravity induced descending of the 
gas as described in [6]  was studied in this enclosure, with 
the presence of a fire inducing buoyancy. The study has the 
following findings: The thermal buoyancy is a critical factor 
in achieving low oxygen concentrations that can extinguish 
and suppress the fire. Thermal buoyancy is further critical if 
the fire appears in the bottom of the staircase. A system set 
up in a stairwell must be able to compensate for the inflow 
of air from outside created by thermal buoyancy, by 
minimizing leaks and by using a continuous discharge. 
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Introduction 
Even though the number of fire fatalities in dwellings have 

been reduced in Norway during the last decades [1], research 

projects have shown that the majority of these fatalities are 

mostly concerned with the vulnerable groups [2-3]. Besides, 

it has been also shown that many fatal fires start in soft 

furniture in the living room [4]. 
Vulnerable groups can be defined as “groups of people 

who for various reasons have larger probability of starting a 
fire or limited ability to prevent fire, detect fire, alert and 
extinguish fire, and evacuate on their own” [3]. Factors that 
can affect the risk of fire fatality in dwellings are presented in 
figure 1. The individual needs are in the center of the figure. 
However, it is also affected closely by the technical and 
physical environment, as well as the social and organizational 
environment. These factors can be considered as crucial for 
development and improvement of new measures and 
technologies. 

 
 

 
Figure 1.  Factors affecting the risk of fire fatalities in the home and their 

relations [3]. 

Considering the individual vulnerabilities, it cannot be 
practical to only rely on the active evacuation, but also to 
focus on passive fire preventive measures that can reduce and 
control the fire causes and hazards in the pre-alarm period, as 
shown in the leftmost sections in figure 2. 

 

Methodology 
Considering the fire safety challenges and influencing factors 
associated with vulnerable groups, this study aims to 
experimentally demonstrate the different performances of two 
passive technical measures for upholstered furniture, 

fiberglass barrier and fire-retardant spray, that can 
respectively protect the upholstery foam and the cover fabric 
from fire. The actual products were chosen because they are 
considered to be simple to use and maintain, easily accessible 
and low-cost measures. The experiment was performed in two 
sequences, explained below. 
 

 

 
Figure 2.  Expanded Bow-tie-model [5] 

Small-scale experiments (E1): The objective was to 
determine efficiency of the chosen measures. Three seats of 
an upholstered sofa were labeled as S1, S2 and S3 indicating 
respectively upholstery foam protected by fiberglass barrier, 
no fire safety measures used, and outer fabric impregnated 
with fire-retardant spray. For S1 and S3, both back and seat 
cushions were treated with the same measure. The sofa was 
placed in an open container outdoors. The applied ignition 
source was a small propane gas flame burner according to 
IMO FTPC Part 8 [6]. Each seat was initially exposed to the 
ignition source for 30 seconds, followed by 90 seconds 
observation of any propagation (total 120 seconds). Fire-
resistant shields were used during each observation set to 
prevent the fire effect to the other seats and to minimize the 
effect of wind on the flame. 

Real-scale experiment (E2): The main objective was to 
demonstrate the effect of the chosen measure in a real fire 
scenario. The same sofa as in E1 was placed in a test room, 
dimensions 5m∙2.4m∙2.7m (l∙h∙w), equipped with  6 
thermocouples and 16 detectors (3 heat detectors, 3 optical 

Individual needs, functional abilities and living capabilities. 

Physical environment, dwelling and technical measures. 

Social and organizational environment. 
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smoke detectors, 3 combined heat and optical smoke 
detectors, as well as 6 carbon monoxide (CO) detectors) in 
different locations of the room. The room was also equipped 
with a reasonable amount of furniture (excluding any 
common electrical equipment like TV, stereo systems etc.). 
The door with dimensions 0.7m∙2m (w∙h) to the room was 
closed during the experiment, and an opening with 
dimensions 0.9m∙0.6m (w∙h) was open on the long wall of the 
room. The applied ignition source was the same as in E1, and 
placed in the left corner of the seat S3 which showed the best 
performance based on E1. The fire propagation was observed 
and studied for about 9 minutes, then the fire was 
extinguished. 

 

Results 
The results from the small-scale experiment (E1) indicate that 

the fire-retardant spray (S3) had the best performance during 

the tests. The fire did not spread and only made a circle 

shaped mark with diameter approximately 2 cm, as shown in 

figure 3. Furthermore, the fiber glass (S1) also avoided the 

fire from reaching the upholstery filling material. However, 

the fire spread to a certain degree on the outer fabric. The 

upholstery filling material was still somewhat affected and 

melted by the heat exposure in an area with a depth of 

approximately 1 cm. The depth of the damaged area was 

approximately 4 cm for the non-protected seat (S2).  
 

 
Figure 3.  Results from E1 for S1 (fiber glass barrier), S2 (no protection) 

and S3 (fire-retardant spray). 

The results from the real-scale experiment (E2) revealed 
that the textile and cellular plastics could still contribute to 
the fire development after 2 minutes and 18 seconds even 
using the fire-retardant spray. Left part of the sofa and the 
closest walls were fully burned, and almost all the other 
furniture was affected by the fire. All detectors were also 
melted (fully or partially). The results from different types of 
detectors in various locations in the room revealed that the 
optical smoke detectors showed the best performance (fastest 
activation time for the longest duration). On the other hand, 
the heat detectors presented the worst (latest activation time 
for the shortest duration). Measurements from the 
thermocouples showed that after almost 5 minutes the 
temperature in the compartment increased drastically. The 
highest recorded temperatures just before end of the 
experiment were 768.4 °C on the center ceiling close to the 
fire origin, and 550 °C close to the door. Flashover is 
estimated to happen 8 minutes after the ignition. 

 

Discussion and conclusion 
Comparing the two fire protective measures shows that fiber 

glass could protect the upholstery foam against ignition from 

the small flame, and the fire-retardant spray could prevent or 

prolong the ignition in the incipient stage for the same small 

flame. Hence, it can be interesting to repeat the experiment 

with different size and type of ignition sources or different 

placement (e.g. on S1 (fiber glass), S2 (no protection) or on 

the other furniture) and compare the results.  
Results from detectors are studied and analyzed to some 

extent e.g. thermal lag can be one of the reasons why heat 
detectors were activated later compared to the optical smoke 
detectors. Because of the significant temperature rise after 5 
minutes, it can be concluded that the evacuation could be very 
challenging after 5 minutes.  

Based on the overall results, it can be illustrated how the 
combination of the reliable passive and active fire safety 
measures used in an efficient and customized way can affect 
the emergency evacuation timeline for the various residents’ 
needs. For instance, a possible combination of measures for 
this experiment can be the combination of passive fire-
retardant effect, activation period of optical smoke detector in 
the center ceiling and CO detector on the opposite wall to the 
ignition (installed close to the ceiling). This combination 
could be efficient for the whole 9 minutes experiment. 
However, there is a gap of 48 seconds after the absent of fire-
retardant effect and before the first alarm activation (the 
optical smoke detector). Reducing this time gap can be 
lifesaving for the vulnerable groups as it is located in the 
crucial pre-alarm period. The resident would then have a 
higher probability to put out the fire in the initial phase or to 
evacuate if other conditions are also favourable.  

On this basis, it can be simply illustrated how the technical 
and physical environment is interlinked with the individual 
needs in case of fire. Further research on simple, cost-effective 
fire safety measures for dwellings is needed to fill the gaps 
and can help to synchronize these factors together to elevate 
the fire safety to an acceptable level for everyone. This 
demonstration test has also shown a spark of an idea for a 
future experimental series to investigate these measures more 
in detail. 
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Abstract 

Some effects of viscous forces in compartment fire 
modelling are investigated.  The original low-Reynolds 
number k-ε model provides an additional ε source term due to 
viscous forces. The term is tested in a compartment-like, high-
temperature (i.e. high viscosity) flow, and shown to give 
significant effects in certain cases. 

 
 

Introduction  
Compartment fire is a life safety issue and causes serious 

injuries or deaths. Underventilated fires have drawn attention 
as their smoking materials could be more hazardous. Due to 
oxygen shortage, underventilated fires can release serious 
amounts of toxic gases, i.e., CO and HCN [1]. 

Species in small amounts require precise modelling of 
turbulence and the turbulence-chemistry interactions. The 
flows of enclosed fires can have relatively low turbulence 
Reynolds numbers due to low-intensity motions and due to a 
larger viscosity caused by high temperature. This means that 
the viscous forces are significant, while not dominating. 

The present work is made in a Reynolds Average Navier-
Stokes (RANS) framework, using the family of k-ε models. 
The intensity of the turbulent motions is characterized by  the 
turbulence Reynolds number,  𝑅𝑅𝑅𝑅𝑡𝑡 = 𝑘𝑘2/(𝜈𝜈𝜈𝜈), where 𝑘𝑘 is the 
turbulence energy, 𝜈𝜈 is its dissipation rate, while 𝜈𝜈 is the 
(molecular) kinematic viscosity. 

This study revealed that modelling of weak turbulence has 
gained little attention. The widely used “standard” k-ε model 
originally came in a “low-Re” version[2][3][4]. Besides near-
wall modifications, the model provided an ε source term due 
to viscous forces, 

 𝑃𝑃𝜀𝜀2 = 𝐶𝐶𝜀𝜀3𝜈𝜈𝑡𝑡𝜈𝜈 �
𝜕𝜕2�̄�𝑢𝑖𝑖

𝜕𝜕𝑥𝑥𝑘𝑘𝜕𝜕𝑥𝑥𝑗𝑗
�
2
. (1) 

This adds to the “standard” source terms, 𝑃𝑃𝜀𝜀1 − 𝐶𝐶𝜀𝜀2 𝜈𝜈2 𝑘𝑘⁄ , 
where 𝑃𝑃𝜀𝜀1 = 𝐶𝐶𝜀𝜀1(𝜈𝜈 𝑘𝑘⁄ )𝑃𝑃𝑘𝑘, and 𝑃𝑃𝑘𝑘 is the production term of 
turbulence energy, 𝑘𝑘. The term in Eq.(1) originated from a 
term found in the “exact” equation for 𝜈𝜈, developed from the 
momentum equation. 

Almost all later efforts devoted to “low-Re” modelling 
have been concentrated on near-wall effects, which are 
mainly other effects (wall reflection etc.) than those generally 
acting in weak turbulence. 

Previous investigations[5] showed that the choice of 
turbulence model, viz. “low Re” vs. standard “high Re”, can 
have a notable impact on the combustion results. 

 
 
Test case 

To provide a circulating flow in the 2-dimensional 
compartment, a vertical inlet was made in the lower right 
corner, and a vertical outlet in the lower left corner. The flow 
was isothermal, while the viscosity set to that of air at about 
500 °C to emulate a fire case. This approach was chosen to 
isolate the effect of enhanced viscosity from other effects of 
combustion.  
 

 
Figure 1.  Flow field of compartment, with velocity magnitude (m/s) and 

direction. Vertical inlet lower right corner, vertical outlet 
lower left corner.  

The flow field was resolved by the open-source toolbox 
OpenFoam (v. 7). The low-Re k-ε model[3][4] was used, and 
the function 𝑓𝑓𝜇𝜇was set to unity in the turbulence viscosity. The 
function 𝑓𝑓𝜀𝜀2, modifying the destruction term of the ε equation, 
was kept as it has effects only for 𝑅𝑅𝑅𝑅𝑡𝑡 < 2.5. 
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Results  
The flow field is shown in Figure 1. The turbulence 

Reynolds number, 𝑅𝑅𝑅𝑅𝑡𝑡 = 𝑘𝑘2/(𝜈𝜈𝜈𝜈) varied from 0 to 57, as 
shown in Figure 2. The ratio of the turbulence viscosity to the 
molecular viscosity was then 0.09 (= 𝐶𝐶𝜇𝜇) times these values. 
 

 
Figure 2.  Turbulence Reynolds number in the flow of Fig.1. 

 
 The ratio of the viscous to the total production term of the 
𝜈𝜈 equation, 𝑃𝑃𝜀𝜀2/(𝑃𝑃𝜀𝜀1 + 𝑃𝑃𝜀𝜀2) was evaluated as shown in Figure 
3. 

The computations showed zones of significant 
contributions of the viscous term to the production of 𝜈𝜈, 
leading to more dissipation and reduced turbulence energy, 
turbulence viscosity. In the modelling, this will also lead to 
reduced diffusivity of scalars like the mass of chemical 
species. 

 

 
Figure 3.  Ratio of viscous production term of the ε equation to the total 

production term. 

Outlook 
The goal of this work is to improve the modelling of 

turbulent combustion with the Eddy Dissipation Concept 
(EDC) towards its application in fire modelling at oxygen-
limited conditions.  

Recent efforts [6][7] related to EDC include work 
towards capturing more effects of viscous forces, low 

turbulence Reynolds number and effects of the Damköhler 
number. This has been motivated by progress in “MILD” 
(Moderately or Intense Low-oxygen Dilution) combustion 
for energy conversion. This regime has notable similarities to 
low-oxygen, underventilated fires. These ideas have been 
touched in the context of fire simulations[8], as well. 
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Abstract 
Smouldering is a phenomenon that, despite being flameless 
and low temperature, can be hazardous for people and for 
the environment. Previous studies have shown that there are 
still many knowledge gaps related to smouldering fires, both 
in terms of understanding the underlying fire dynamics, and 
also in more applied areas such as industrial fire 
extinguishment. Starting in 2019, as part of the Fire 
Research and Innovation Centre (FRIC), we have studied 
smouldering as a phenomenon, as a continuation of the 
work by Mikalsen et al [1, 2]. The current abstract presents 
some key areas of the current study, and an accepted 
presentation will give further insight into smouldering 
research state-of-the-art. 
 
Small-scale smouldering 
An experimental, small-scale study of self-sustained 
smouldering in a granular biomass fuel bed of wood pellets 
(~1kg) is initiated. The first results show a satisfactory 
reproducibility and repeatability of the test set-up from [1]. 
The study till now has not included cooling, and work is 
now underway to also include indirect cooling of the fuel 
bed. The goal is to further study the previously identified 
pulsating smouldering mode [3], and to further understand 
the fire dynamics during suppression efforts, for utilization 
for large-scale firefighting.  
 
Numerical simulation of smouldering 
Based on the small-scale smouldering experiments, a 
comprehensive three-dimensional numerical model is 
developed. The model (computational fluid dynamics - 
discrete element method solver) considers the complex 
heterogeneous bed structure of wood pellets storage. It 
includes a Lagrangian description of the fuel bed (instead of 
the commonly employed volume averaged continuum 
assumption), which allows the individual treatment of 
particle shrinkage and, hence, the modelling of the changing 
fuel bed structure. The model aims to form a basis for a tool 
that may predict the smouldering dynamics in industrial 
material storages, and by extent - increase industrial fire 
safety. The results from the numerical work will be 

presented in detail at the 13th IAFSS Symposium [4]. 
 
Scalability 
The improved understanding of smouldering fire dynamics 
on the small scale triggers the question on how the results 
scale with fuel bed size. A medium scale experimental set-
up has been developed, using ~30 kg of fuel. The first 
results from this work shows a surprisingly similar fire 
development compared with the small scale set-up results in 
terms of temperature development over time. Here too, the 
introduction of cooling for suppression purposes will be 
studied.  

  
Learning from sunshine stories 
In September 2020, a smouldering fire in a silo in Vaksdal, 
Western Norway, burned for more than three weeks. To obtain 
complete extinguishment, the fire brigade had to excavate the 
entire animal food fuel bed. However, the incident did not lead 
to any escalation in the form of explosions or personnel 
injuries. Interviews with the firefighters and site owner have 
been conducted, and the results are currently being processed, 
in order to draw learning points from the incident. Focusing 
on “sunshine stories”, were many things went right, can be 
valuable to identify successful technical and organizational 
measures, but also to identify areas for improvement.   

Another key aspect of learning and understanding 
smouldering is communication of research results to the 
public. The current project aims at both popular scientific 
communication (see e.g. [5,6]) and scientific dissemination of 
results.  
 

  
 
Figure 1.  The current study investigates the scalability of experimental 

results with varying size fuel beds (here 30 kg wood pellets), 
and 3D numerical simulation of granular fuel beds.  
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Abstract 
As part of the joint Aalto University/DTU project on road 

tunnel fire safety, new tools for modelling the heat and mass 

transfer within tunnel concrete liners are needed. To that 

end, a 1D coupled heat and mass transfer solver for porous 

solid materials is developed for an existing CFD tool used in 

fire safety engineering, Fire Dynamics Simulator. 

 

Background and motivation 
The number of tunnels in Europe is set to increase in the 
near future as countries turn to sustainable solutions for 

transport and infrastructure. Simultaneously, new vehicles 

powered by batteries and hydrogen are being introduced. 

The newer vehicles pose a challenge due to higher 

temperature fires than those currently estimated by design 

guides. High temperatures and rapid temperature increases 

are known to increase the risk of fire-induced spalling of 

concrete, a material ubiquitous in tunnels as a liner [1].  
Presently, the coupling of CFD and concrete spalling 

prediction is limited to one-way transfer of temperature data 
from the CFD simulation to separate FE-solvers. Concrete in 
tunnel liners contains significant amounts of moisture [2],[3], 
which can impact the fire. A 1D heat and mass transfer solver 
will therefore be implemented in FDS for more accurate fire 
simulation in tunnel environments. The solver will be general 
enough to be used with other porous solids as well. 
 

Current state 
The governing equations for the coupled heat-mass transfer 

model are an expansion of the equations featured in [4], 

represented in more general form and with the addition of a 

pressure-driven flux to the gas species mass conservation 

equation. A prototype implementation of the numerical 

solver was made in MATLAB® in fully explicit form and in 

semi-explicit form. Verification tests and sensitivity 

analysis were then carried out. 

 

Future work 
The prototype the solver will be validated against small-

scale experiment data, with larger scale experiments 

possible in the future. Select experiments on other porous 

materials will be qualitatively reproduced as well. While 

concrete spalling as a phenomenon is too complex to be 

accurately modelled in 1D [5], the solver can be used to 

predict spalling of concrete in certain cases where the 

primary cause of spalling can be said to be vapor pressure. 
At present the prototype solver has two implementations, 

a fully explicit version and a semi-explicit version. The 
explicitness causes numerical instability requiring very small 
time steps and other considerations regarding the division of 
the domain into discrete cells. The final, FDS implementation 
of the solver will be fully implicit to reduce the numerical 
instability. 

The prototype solver in its current form cannot 
accommodate shrinkage or swelling, or removal of cells 
(relevant for e.g. wood pyrolysis). To maximize the utility of 
the solver for other porous solids, these features will be added 
later. 
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Abstract 
 

The influence of one solid boundary (wall) on flame heights 

have been investigated using propane and heptane as fuels. 

Results show that the flame heights for both fuels are 

increased between 20 and 30 % by the presence of a wall as 

a boundary. It has also been observed that, for the current 

setup and experiments, this increase is affected by the fuel 

type. 

 

Experimental setup 
Two scenarios have been investigated: 1) Free burning of 

propane and heptane, 2) Burning of propane and heptane next 

to a wall (solid boundary). Square sand burners were used for 

the propane fires, while square burners without sand but with 

water (pool fires) were used for heptane. 

 During the experiments photos of the flames were 

taken every 2 seconds resulting in 99 pictures of each 

experiment. After the experiments, the flame heights were 

determined from each picture, and the average of the 99 flame 

heights is considered the average flame height for each 

experiment. Table 1 shows four photos with their 

corresponding average flame height indicated by a red line: 

two propane fires and two heptane fires, respectively as free 

burning and next to the wall. 

 

Results 
Results of the experiments are plotted in figure 1, where the 

energy production has been normalized using Q* and the 

flame height by dividing by the diameter of the fuel source 

[1]. 

 Looking at figure 1, propane in the open follows the 

flame height correlation suggested by McCaffey [1], while 

heptane seems to present higher flames than predicted. It is 

also important to notice that the heptane fires have a marked 

spread in flame heights despite energy productions with small 

variations, as indicated by the blue arrow. The normalized 

flame height varies between 3 and 4, while Q* varies between 

0,72 and 0.86. These fires had the same fuel amount, same 

fuel area and same lip height [2], and while there are small 

variations in the heat release rate, the flame height had larger 

variations than expected.  

Table 1 Photos of fire in the open and next to the wall. The red line 

shows the avreage flame height for the current experiment 
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Figure 1 Normalized flame heights as function of normalized 

energy production. 
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The variation in flame height and heat release rate is seldom 

addressed. It is there for difficult to determine if boundary 

effects are statistically significant or not.  

The wall affects the flames with an increased flame 

height between 20 and 30 % from the open burning flames: 

the propane flame had an increase of 28 %, while the heptane 

had an increase of 22 %.  

 

 

Conclusion 

When comparing the increase in the current flame 

heights with the assumptions of Zukoski [3] that the increase 

in flame height due to walls should be 22/5 = 1.32 due to 

mirroring, the propane fires seems to replicate this rather 

accurate with a factor: (13/7)2/5 = 1.28. Heptane fires do also 

have an increase in flame height when next to a wall, however 

it seems as if the effect is somewhat lower than for propane, 

with a factor of (5/3)2/5 = 1.225.  

It is too early to conclude if the difference between 

propane and heptane is due to differences in the fuel type (gas 

vs. liquid), and if the difference is a statistically significant. 

More experiments with different fuel types (gas, liquids and 

solids), heat release rates and enough repetitions to determine 

both flame height and standard deviation, are therefore 

needed.  

However, it can be concluded that the effect of walls 

on flame heights is an increase of 20 to 30 % for the current 

experiments. 
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Abstract 

Motivation 

Concrete is commonly used in tunnels, viaducts, car-parks, 

where vehicle fires may be particularly dangerous. Not only 

is the safety of occupants endangered, but also the functioning 

of the infrastructure. Infrastructure downtimes have a quite 

significant societal impact and entail significant costs related 

to loss of service and reparations. 

Despite concrete is considered to have good fire 

resistance, it is permanently damaged by the fire and must be 

repaired or replaced after being heated to temperature higher 

than 300 C [1]. Therefore, contrarily to steel, reparation of 

concrete structure may be particularly onerous. 

In addition to this, in case of rapid growing fires, concrete 

may be subjected to the phenomenon of spalling, where large 

debris may be projected away [2, 3]. This is an additional 

danger for the safe evacuation of the occupants, but can also 

have structural consequences, in case the steel bars below the 

spalled concrete pieces are exposed and lose their strength as 

a consequence of the faster heating. 

State of art 

A significant amount of research has been devoted to 

investigating the fire performance of tunnels [4], also as a 

result of public reactions to major tunnels fires that have 

occurred in the past and more recent years [5], such as: 

− the Salang Tunnel fire, Afghanistan, in 1982, claimed by 

media to be the deadliest road fire accident of modern 

times, with the death toll of thousands of people [6]; 

− the Mont Blanc Tunnel fire between France and Italy, in 

1999, which lasted 50 hours, killed 39 people and caused 

large spalling of the concrete ceiling and extended 

structural damages; the damages amounted to more than 

$250 mio. and the tunnel stay closed for 3 years [7]; 

− the Channel Tunnel fire between France and UK, in 2008 

[8], which lasted 16 hours and costed millions in repairs 

and business disruption (to be noted that the same tunnel 

had experienced two previous fire in 1994 and 2006); 

− the Yanhou Tunnel explosion and fire, China, in 2014, 

which lasted 73 hours and costed 31 casualties [9] 

However, the majority of the literature studies on tunnel fires 

are related either to the investigation of the fire and smoke 

spread [10, 9, 11] or to the modeling of the evacuation [12, 

13], while the structural response is less frequently object of 

experimental or numerical investigations [14]. Furthermore, 

the design fires used in these studies are based on traditional 

gasoline vehicles and do not consider alternative-fueled 

vehicles, such as electric or hydrogen-fueled cars. Such 

alternative-fueled vehicles are nowadays becoming more and 

more common, but they represent a higher fire hazard. This is 

due to the higher fuel load they possess, but also on fuel 

characteristics, such as the difficult extinction of battery fires 

and the rapid jet fires of hydrogen that is released when the 

thermal pressure relief device (TPRD) is activated in a 

hydrogen-fueled vehicles. 

The latter case may particularly relevant for concrete 

structure, as the hydrogen jet fire is very short, but extremely 

hot [15] and may induce a very rapid heating of the concrete 

directly impinged by the flame. Such rapid heating, combined 

with the effect of hindered thermal expansion [16] and, in 

some cases, high strength of the concrete, can induce 

explosive spalling and possibly expose the reinforcement, 

hereby reducing the tunnel structural performances. 

 Object and method of the study 

The aim of this study is to investigate the response of a 

concrete tunnel to hydrogen jet fire.  

In particular, a drilled tunnel with realistic configuration is 

used as case study. The tunnel has concrete pre-fabricated 

wall linings and a 35 cm thick reinforced concrete slab placed 

at 6.5 m distance from the floor that is carrying the ventilation 

system. The slab is 10 m wide and is assumed to be simply 

supported on the tunnel walls. The assumed fire scenario 

consists in a hydrogen-fueled bus that has an accident: the 

TPRD (placed on the top of the bus) activates, releasing a 

hydrogen jet fire that hits the concrete slab just above. The 

centerline of the flame is assumed to be at 3 m from the left 

support of the slab.  

The study is part of a larger project on hydrogen fire safety 

of tunnels and moves from thermal data (incident heat flux 

and gas temperatures close to the slab) obtained by a previous 

CFD simulation implemented in the framework of the project 

[17]. The input data consisted in heat flux and gas temperature 

close the bottom surface of the slab and have a duration of 279 

s, after which the flame is extinguished and the heat flux drops 

to zero. However, due to the low conductivity of the concrete, 

the heat transfer into the concrete section continues also after 

the heat solicitation has ceased and therefore the thermal 

analysis has been run for 4000 s. 

A 2-dimensional numerical model of the cross-section of 

the concrete slab just above the flame has been implemented 

in Abaqus [18] and transient thermal analyses have been 
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carried out, with the aim of identifying the maximum heat 

penetration depth in the slab, an accurate thermal map of such 

depth, and the maximum temperature of the steel bars. Such 

outcomes have been used to give some probably indication of 

the extent of concrete damage, the possible occurrence of 

spalling, and the structural response of the slab. 

The model has been validated under the assumption of 

standard fire against results available in literature [19] and 

sensitivity analyses on the uncertain variables (such as heat 

transfer coefficient, concrete conductivity and specific heat 

capacity) have been conducted to assess the effect of such 

uncertainties and calibrate the model. 

Results and conclusions 

The results shown in Figure 1 (left) indicates that only the first 

5 cm of the concrete are interested by a relevant heating (>100 

°C) and only the first 2-3 cm reach temperature close to or 

higher than 300 °C, which could cause permanent damage in 

the concrete. The steel bars, positioned at a depth of 55 mm, 

are not significantly heated and are therefore not expected to 

experience any loss of mechanical properties as a direct 

consequence of the hydrogen fire. 

The very rapid heat of the first 2 cm of the slab suggests 

that explosive spalling of the outermost concrete is possible 

during the whole duration of the flame (ca. 300 s) and for a 

couple of minutes after. 

Although it is very difficult to predict the exact location 

and extent of the spalling, it seems quite unlikely that the steel 

can be exposed to the direct flame at any point during the fire. 

Due to the limited depth and locations of the possible spalling, 

it seems also possible to exclude a significant higher heating 

of the steel, in case the spalling occur. 

However, such considerations need to be corroborated by 

further numerical and experimental investigations that are 

ongoing in the framework of the HyTunnel-CS project [17]. 

 

Figure 1:  Evolution of the temperatures in the concrete at different depth 

along the centerline of the flame 
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Abstract 
According to studies conducted in the United States, the 
proportion of non-functioning fire alarms in fatal fires is 17 
percent. The risk of dying in a fire is 54 percent lower in 
homes that have equipped with functional smoke detectors 
than those without operational smoke detectors. [1] 
 
The effects of aging on smoke detectors have been studied 
by examining the operation of old, used detectors and the 
effect of environmental conditions on their performance. In 
a research project organized by the Finnish Chemicals and 
Safety Agency, it was identified that the main cause of 
aging, is the fouling of the smoke detection chamber and 
electronic components and deterioration of components. It 
was also found that rusting, changes in smoke sensitivity, 
and degraded alarm volume affect the operation of the 
detectors [2]. In a follow-up study, it was found that alarms 
based on ionizing technology are more durable and are more 
stable in their response to smoke than optical detectors [3]. 
 
Following the SPEK’s market surveillance years, some of 
the detectors remained in storage in their sales packaging in 
a warehouse located in the office space. It was decided to 
test these alarms, which had avoided contamination and 
fluctuations in humidity, in order to gather information on 
how components age at constant temperatures indoors and 
how it may affect the operation of the alarms. The aim of 
the tests was therefore to determine the durability of 
ionizing smoke detectors which have not been used and 
which have not been exposed to environmental factors. 
 
In this study, the effects of environmental conditions could 
be expected to be small because the fire alarms tested had 
been stored at constant temperature in the office space and 
in its own packaging. They were not exposed to moisture 
fluctuations or soiling. Most of the fifty alarms tested were 
from 1994 to 1999 and the oldest from 1984. Because 
not all had clear markings, almost half of the sample tested, 
age remained unclear (23 pcs). However, the tested smoke 
detectors are more than ten years old and manufactured 
before the year 2000. The devices clearly exceeded their 
“best before” -date as the recommendation for replacing 
smoke detectors is 5 to 10 years. 
 

The detectors were tested with the same criteria defined for 
market surveillance done by SPEK between years 1994 and 
1999. This is not a procedure done according to EN 14604, 
but the results are reproducible using similar equipment. All 
the alarms now tested were ionizing in principle. 
 
Because the radiation sources used in them have a half-life 
of several hundred years, it can be assumed that the changes 
in sensitivity are not due to the deterioration of the radiation 
source required for detection to produce electrical 
conductivity. 
 
Only five detectors out of fifty (10%) functioned properly in 
the test, obtaining acceptable sensitivity values. Some 
detectors worked more sensitively than normal. Even a mere 
blow triggered an alarm in one of the detectors. For most of 
the tested units, smoke sensitivity was so poor, that their 
ability for early action in a real fire would be highly 
questionable. 
 
The findings support earlier data on smoke detector aging 
and recommended maximum ten-year replacement interval 
for smoke detectors. The new detectors shall indicate the 
renewal date recommended by the manufacturer, which 
should be followed. Because conditions can affect the 
operation of the detectors and may shorten its replacement 
interval, any malfunctions that may occur during regular 
testing must be taken seriously and have the unit replaced, 
even if it is not yet ten years old. 
 
The study concludes that ionizing smoke alarms are also 
deteriorating due to aging while not in use and that ionizing 
smoke detectors manufactured before year 2000 are no 
longer operational, even if not exposed to environmental 
factors. 
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Abstract 
In the last decades, several major façade fires occurred which 
resulted in human casualties, property loss and environmental 
damage. Façade systems can be evaluated with various 
standard façade tests which range from full-scale to small-
scale tests [1]. Full-scale façade tests are the closest reflection 
of reality; however, their execution is expensive and requires 
significant time resources. For this reason, screening 
methodologies such as reduced-scale façade tests and 
numerical modelling have been developed to predict the fire 
behaviour of façade systems. The Fire Dynamics Simulator 
(FDS) is a computational fluid dynamics programme which is 
widely used in the fire safety community for predicting the 
fire induced flows and smoke movement in defined fire 
scenarios. Predicting the development of fire driven by heat 
transfer and material thermal decomposition is still a 
challenge. Attempts to use numerical modelling are also 
presented for façade fire scenarios [2]. Combustible 
components of various polymers are common in façade 
systems. These materials begin thermally degrading and 
decomposing resulting in the release of pyrolysis gases upon 
exposure to heat. Only limited research has been conducted 
with FDS to predict the façade system fire performance with 
combustible components, nevertheless, showing a good 
potential for use of numerical tools [3]. 

 

The numerical simulations were set up in FDS version 6.7.4 

based on the ad hoc intermediate-scale façade experiments 

with a detailed description provided in ref [4]. The assembly 

had the dimensions of 1800 × 600 mm and the cavity width 

of 100 mm. The sand gas burner was positioned at the bottom 

of the cavity with the nominal heat release rate of 12 kW, 

while the set up was left open laterally as well as on top of 

the rig. The characteristics of materials that were applied 

within the façade system were defined in the database 

Material Library of Cladding Materials, developed and 

maintained by the University of Queensland [5]. In this study 

two approaches for specifying the thermal decomposition of 

materials were used. First was the simplified approach with 

the heat release rate per unit area (HRRPUA) as a function of 

time taken directly from the cone calorimeter tests. The 

second was the complex pyrolysis approach with the 

information extracted from the thermogravimetric analysis 

(TGA). In both approaches, a compromise between 

thoroughness of the model and computational resources was 

required. 

 

The numerical simulations were conducted for the façade 

system consisting of stone wool and aluminium composite 

panel with the core of polyethylene and an inorganic filler. 

The acquired heat release rates were compared to the 

experimental results with both approaches. The numerical 

models predicted faster ignition and lower peak heat release 

rates. The differences between numerical and experimental 

results could be associated with the specified thermal 

properties. Density, specific heat and thermal conductivity 

were all estimated from thermal inertia and the literature, 

therefore their values are an assumption. The heat of 

combustion was obtained from the cone calorimeter tests and 

it also includes uncertainty. In FDS, it was not possible to 

model external cladding panel bowing, observed in 

experiments that resulted in cavity space reduction [4]. 

Furthermore, the degradation mechanism of the material, 

protecting the combustible core of cladding, is uncertain. 

Nevertheless, the calculated total heat release rates exhibited 

the potential of numerical models to predict the reduced scale 

results in the future.  
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Abstract 
The purpose of this paper is to make a risk- and 
vulnerability analysis for the use of EPS formwork blocks in 
4-storey apartment buildings. This abstract presents an 
ongoing study. 

EPS is defined as combustible insulation by the 
Norwegian building regulations [1], which limits the pre-
accepted use to low-rise buildings of maximum 2-3 floors (fire 
class 1). Use of EPS in 4-storey buildings (fire class 2) is thus 
a deviation from the regulations. 

Thermomur is formwork blocks of Jackopor, which is 
made of expanded polystyrene (EPS), together with binders of 
high density polyethylene (HDPE) and polypropylene (PP). 
The Thermomur-elements are piled on top of each other and 
filled with a core of concrete which is reinforced. The building 
system is used for outer- and inner walls.     

 
 

 
Figure 1.  Thermomur Building System. 

 

A 4-storey apartment building is used as a case building 
for comparing the fire safety of Thermomur EPS formwork 
blocks filled with concrete with a traditional pre-accepted 
construction method using wooden studding and beams, 
insulated with mineral wool. 

The fire safety requirements for the case building have 
been identified as a first step of this study. The load bearing 
structure shall fulfill class R 60 in general and R 90 for parking 
areas (in basement). Separation walls between apartments 
shall have a fire resistance of EI 60. Floors shall also fulfill EI 
60 except for floor between parking areas and dwellings that 
shall fulfill EI 90. Internal cladding needs to protect 
combustible insulation (EPS) in the required time for 
evacuation and rescue. External cladding/plaster boards shall 
prevent fire spread between apartments/stories.  

To examine the problem of using EPS in 4-storey 
apartment buildings, different types of analytical models and 
methods are to be included. A risk- and vulnerability analysis 
based on the methods in NS 3901 [2] and SN-INSTA/TS 950 
[3] will be carried out. As part of the analysis, the specific fire 
energy for an apartment in the case building will be calculated 
for each of the two construction methods and compared with 
each other.  

EPS must be covered to avoid it from being involved in 
fire during evacuation and rescue. Necessary time for escape 
in the case building has been calculated to 6 minutes and 40 
seconds. Including a safety margin of 50 %, the available time 
for escape is 10 minutes. EPS must therefore be covered for at 
least 10 minutes in the case building. The calculations 
presume that 4 out of 50 persons has reduced functional ability 
which makes it hard to walk or register the fire alarm and 
needs assistance from neighbors. It is also presumed that 
people will not wait still to be rescued by the fire brigade. 
Time for escape will be further considered in the risk analysis. 

A building system of EPS formwork blocks can be 
vulnerable to damages on the inside covering boards, outside 
plaster and poor execution. This can come from screw holes, 
accidents making holes in the plaster or lack of competence 
from the contractor. The vulnerability of the building system 
will be further discussed in the risk analysis. 
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The results of the analysis will be included when 
delivering full paper on April 1st 2021. 
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Abstract 
The flame spread in underground parking facilities is 
investigated by CFD simulations. Six commercial vehicles 
have been modeled, including electrical- and internal 
combustion engine vehicles of various dimensions and 
varying amount of fuel. The car models are created with both 
pyrolysis and ramp controlled combustible materials.  

The simulations were conducted using the software FDS 
v. 6.7.5. A number of well-known combustible materials 
were introduced in the models of the cars, including 
polypropylene, polyurethane, nylon etc. The car models have 
been validated to a mesh resolution of 100 mm cubed cells. 

The investigation includes ten scenarios, where the 
effects of fuel types, horizontal distance between vehicles and 
structural layout is investigated. Each scenario includes 14 
vehicles in a parking garage spanning 500 m2 and a ceiling 
height of 2.7 m. All scenarios yielded simultaneous burning, 
where nine of the ten scenarios yielded a maximum of eight 
simultaneously burning vehicles and one scenario yielded a 
maximum of seven simultaneously burning vehicles. The ten 
scenarios yielded a maximum HRR between 20 MW and 28 
MW and a burning duration of 6300 s to more than 9000 s. It 
was concluded, that the simulated electric vehicles resulted 
in a HRR approximately 6 MW higher than the corresponding 
internal combustion engine scenario. The difference in the 
HRR is expected to be caused by a less oxygen consuming 
reaction of the electric vehicle battery packs compared to the 
gasoline combustion. 

Moreover, the simulated corresponding internal 
combustion engine scenario corresponded in a burning 
duration of approximately 8600 s, which was 2300 s more 
than the electric vehicle scenario. It was also concluded, that 
upon shielding neighboring cars, the flame spread of the 
igniting car could be limited to one side leading to a full 
extinguishing. However, the compartment and the smoke 
layer were sufficiently hot to re-ignite cars independent of its 
position in the compartment. 

 
 

 
Figure 1.  Screenshot of the FDS model.   

Scope 
The project aims its focus at flame spread in enclosed parking 
facilities with no active fire protection measures such as 
sprinklers or in-fire ventilation. Therefore, the investigation 
solely focuses on determining the spread of fire between the 
parked vehicles, the extent of the fire and the impact of 
different layouts, dimensions and fuel types. Aspects of 
toxicity and smoke spread in terms of occupant safety is not 
investigated.  

The work will be continued in an ensuing master 
thesis, which will focus on implementing solutions and 
determine the most suitable active or passive fire protection 
measures. This will be done on a basis of a risk assessment 
considering the costs of the protection measures and the 
damages caused by the fire. The consequences of the fire, 
dependent on the fire protection measures, are determined by 
simulation in FDS. 
 
Method 
The investigation of fire in underground parking facilities is 
performed by Computational Fluid Dynamics.  

The simulations are performed with multiple vehicle types 
by variation of size and fuel type. All vehicles are modelled 
with pyrolysis and predefined mass flux dependent on the 
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complexity of the combustible. Combustible materials in the 
simulations includes polypropylene, polycarbonate, nylon, 
polyurethane, gasoline, rubber and the battery. All materials 
are simulated with individual reactions, in-order to achieve a 
more accurate depiction to the physical representation. The 
distribution of polymers is according to (Emilsson, Erik et al. 
2019) and the amount of plastic in each car is to their 
respective manufacturer issued life cycle analysis.  

All inputted combustibles are validated individually prior 
to the full-scale simulations, and found suitable in mesh 
resolutions of 100 mm. The mass flux of the battery pack is 
modelled by a revised version of a Matlab script developed by 
(Mikalsen, Bjarne 2019), in-order to capture the random 
ignition order of the individual cells. 

The full-scale simulations include ten scenarios with 
various vehicle combinations, change in parking spot width 
and change in structural layout. 
 
Parametric car simulation 
To achieve the possibility for more variables and diversity in 
the simulations whilst minimizing the workload, an Excel 
workbook FDS_vehicle.xlsm was developed to construct 
parametric cars. The FDS_vehicle offers the possibility to 
obtain all necessary lines of FDS code by inputting a few 
variables, such as; car type, orientation and position.  

For now, six different cars are pre-defined in the 
workbook, and covers segment sizes from small to large and 
fuel types of gasoline or electrical. By positioning and 
orientation, it is possible to place the car in an already defined 
domain and rotate in increments of 90 degrees. It is also 
possible to mark if the car should be the source of ignition or 
not, by either starting thermal runaway in a battery or a 
gasoline spill fire. The combustible amount of material in each 
car is varied upon based on the amount of plastic in the 
respective car.  
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Introduction 
Fires in cargo holds represent a significant safety issue for 
container ships. Even though experimental tests on fire 
performance of containers show that the risk of a severe fire 
developing and spreading to other containers is rare, real fire 
events have shown that these fires are possible, frequent and 
can be devastating [1]. However, few previous studies have 
systematically investigated the mechanisms that underlay 
these events[2].  

The work presented here is part of the CONTAIN project 
funded by the Danish Maritime Fund [3]. The purpose was to 
investigate the plausible mechanisms of fire spread between 
containers in a cargo hold. Six hypothesis were developed 
based on cases reported in the literature and discussion with 
relevant stakeholders: (1) vertical fire spread by ignition of the 
plywood floor in the container above, (2) fire spread through 
the container door, (3) lateral fire spread by radiation to 
neighboring containers, (4) fire spread through ventilation in 
the containers, (5) fire spread through container structural 
collapse, (6) external fire. An experimental program was 
designed to test the likelihood of these hypothesis. This study 
presents the experimental outcomes of hypothesis 1. The 
results presented here are part of the final CONTAIN report. 

 

 
Figure 1.  (a) state of the vessel after a container fire, (b) vertical 

resistance to fire furnace test, (c) cone calorimeter test 

Experimental program 
In order to investigate the likelihood of vertical fire spread by 

ignition of the plywood floor between stacked shipping 

containers, a series of cone calorimeter tests, and a small 

scale furnace test were performed. 

 

A seaworthy container was purchased for the experimental 

analysis. Samples for cone calorimeter tests and a reduced 

scale furnace test were retrieved from the container. The floor 

was not a single material, but was made up of a patchwork of 

various plywood sections, varying in age, condition, 

materials, and surface treatments.  

Cone calorimeter tests. The aim of these tests was to examine 

the combustion properties of the floor, including heat release 

rate, ignition behavior and critical heat flux. A total of 41 tests 

were performed using four different heat fluxes (15, 25, 35 

and 50 kW/m²). Plywood samples were taken from different 

locations in the patchwork floor and randomly sampled for 

testing. Piloted and non-piloted ignition tests were performed 

to assess the likelihood of self-ignition. Further, bitumen 

water-proofed samples and damaged samples were also 

tested in order to assess if they could lead to an increased 

hazard. Results of cone calorimeter tests show under which 

conditions it is possible to ignite the plywood flooring. 

 

Small-scale furnace test. This test was designed to represent 

a fire inside a container, where the steel roof heats up and 

simulate the plywood floor of the container stacked above. 

The tested sample consisted of the steel roofing plate, steel 

profiles, and a plywood layer on top, all cut from the 

purchased container as shown in Figure 2. The aim of this test 

was to have a realistic representation of the container set-up 

to validate the hypothesis of vertical fire spread, and compare 

to the result of cone calorimeter tests. The temperature of the 

steel roof on the furnace was set to 620 °C and was controlled 

by surface mounted thermocouples on the steel. A total of 8 

Type K thermocouples were used to measure temperature of 

the sample and gas temperature in the cavity between the 

steel roof and the plywood floor. 
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Figure 2.  Small-scale furnace test sample, with 3 mm steel sheet, 50 mm 

air gap, steel support structure of the above container, and 28 mm plywood 

floor sample. 
 

Results 
In the Cone Calorimeter test data two distinct phases of 

burning for each specimen are identified. Upon ignition, there 

is a large amount of heat release (initial peak). Following this, 

a char layer forms and the rate of heat release drops 

significantly. Once the char reaches a certain thickness, there 

is a second phase where the burning is relatively steady. As 

an example, Figure 3 shows the HRR measurement for one 

of the samples at 15, 25, 35 and 50 kW/m². At 15 kW/m² the 

peak occurs much later as it took a long time to ignite. 

 
Figure 3. HRR data from Cone Calorimeter tests for one sample at 15, 25, 

35 and 50 kW/m². 
 

The material variation within the plywood floor translated to 

a large variation in the fire performance. As an example for 

tests performed at 50kW/m2: peak HRR was shown to vary 

approximately between 150 and 500 kW/m2. The time to 

ignition also showed similarly large variation. Further results 

from cone calorimeter tests show that: 

 The “newer” plywood replacement sections were in 

general significantly worse, in regards to their fire 

performance than older sections tested. In both 

energy output i.e. peak HRR and in ignition times 

i.e. they ignited faster. 

 Samples with the bitumen waterproofing coating in 

general gave higher peak HRR, and ignited quicker  

 Damaged samples (i.e. with impact damage, or 

some form of surface layer penetration/hole) did not 

act significantly different, however more testing 

would be required to fully confirm this. 

Self-ignition tests were performed at 50, 35 and 25kW/m2. 

Results confirmed the following: 

 At 50kW/m2 self-ignition would occur for both old 

and new samples tested. 

 At 35kW/m2 self-ignition occurred in the new 

samples, but not the older. 

 At 25kW/m2 self-ignition did not occur. 

 When ignited, ignition times were no different to 

ignition times with a pilot ignitor. 

The cone calorimeter tests were used to determine the 

minimum heat flux required for ignition of the plywood. This 

can be defined as ‘critical heat flux’ (CHF). A CHF of 

approximately 10-12kW/m2 was determined, this value is 

comparable to previous research on similar materials [4]. 

However, differences can be seen between sample types, 

showing that “new” samples will likely ignite at lower heat 

fluxes. 

 

The small-scale furnace test was undertaken to confirm the 

results obtained from the cone calorimeter testing, in a more 

realistic set-up. Given the distance between the plywood and 

the heated steel plate, using a basic radiation hand 

calculation, a temperature of 620°C was chosen for the steel 

plate as the exposure. This temperature equated to 

approximately 20 kW/m², and was chosen as it represents the 

lower side of the cone test results, however still above the 

CHF. Also 620°C is realistic for the gas temperature inside a 

container fire. As foreseen, ignition of the plywood occurred 

after 23 minutes, validating the hypothesis.  

 

Conclusions 
These tests confirmed that the hypothesis posed is definitely 

plausible. It showed that fire could spread from a hot roof to 

the container above, even without a direct ignition source. In 

addition, given the calculated CHF, it may be supposed that 

ignition may occur in this scenario down to temperatures as 

low as 500 °C for the steel plate ceiling. Temperatures 

required may even be lower, as the steel support structure, 

trapped hot air on the bottom surface of the plywood floor, 

thus providing more heat than has been accounted for in the 

radiation calculations. Indeed, ignition occurred in this test 

with measured cavity temperatures between 350-400°C. 
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Abstract 
A problem fire engineers across the world are facing is 

determining how much concrete fire induced spalling will 

occur in case of a severe fire incident. Spalling is known to 

be strongly influenced by concrete type, moisture content and 

many more factors. Fire induced spalling is a complicated 

and dividing subject and field engineers seldom have clear 

directions to go by. 

Though directions are given, such as if the concrete has a 

moisture content equal or exceeding 3 percent it is likely 

spalling will occur due to fire exposure, no quantitative 

suggestions are made.4  

For the engineers to quantify the fire-induced spalling 

they can for example use internal software or make qualified 

estimates in a leap of faith.  

 Furthermore, fire engineers seldom have enough 

information of the concrete in question. Therefore, they 

cannot use the more advanced methods researchers are 

currently developing. 

In this study, a statistical approach has been considered 

and machine learning algorithms have been applied with hard 

coded upper percentile limits, which in turn takes into 

consideration the large variance of fire-induced spalling. The 

result ends up being an estimate of the upper 80th percent 

percentile that engineers could use in conservative spalling 

calculations. 

 

 

 
Figure 1.  An estimate from the machine learning model of the spalled 

surface of a 2×2 m concrete slab exposed to ISO fire curve for 

60 minutes. 

Machine learning has previously been used to analyze fire 

induced spalling. This study is inspired by the work of M. Z. 

Naser.3 

 

 

Obtaining data 
The core of being able to apply machine learning models 

to any problem is to have a robust and consistent dataset. In 

this study the training data was obtained from a SP-report by 

L. Boström and R. Jansson.1 The tests were consistent with 

one another and the same test setup was used throughout the 

entire study.  

Model explanation  
The relevant features are chosen with aspect to what a fire 

engineer is expected to know from a project. Thereafter 

feature selection from Scikit-learn was used to determine 

important features. For splitting the data into training- and test 

data, KFold was used to enable cross-validation of the model. 

The prediction model is divided into two parts. Firstly, a 

binary classification is used to determine the probability of 

spalling occurring. Secondly, a regressor model is used to 

make a quantitative estimate of the spalling. The models are 

tuned to overestimate 90 percent of the cases. These models 

together reach 80 percent certainty to overestimate the fire 

induced spalling.  

 
Figure 2.  Result from the test data (validation data for the model). Count 

plot of overprediction versus underprediction. 

 

Model result extrapolation 
Since the examined data did not include samples exceeding 

1800 mm extrapolation is done to get results for larger 

samples. The extrapolations are based on the results from the 

increase in size from 600 mm to 1800 mm. This method is not 

entirely approved of, however according to L. Boström2 it 

could be a viable option.  
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Clarification 

So far, the model is not peer reviewed and has not been 
validated nor verified and is not ready for use in real world 
applications. 
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Abstract 
The size of fire doors is continually growing due to the 

increasing industrial demands, while a limited number of fire 
testing laboratories are able globally to meet the dimension 
requirements of oversized specimens. In the present study, a 
series of large-scale furnace tests is carried out in the facilities 
of the Danish Institute of Fire and Security Technology. The 
test specimens comprise typical and commercially available 
door solutions for building applications. Identical door sets of 
various geometrical dimensions are tested to assess the 
effects of size scaling, while separate tests are conducted for 
the door mounted on the exposed or unexposed side of the 
furnace wall. Findings reveal that the examined sliding doors 
exhibit satisfactory fire performance meeting the 
classification requirements. The fire resistance rate is 
determined by the maximum temperatures close to the edges. 
The door size is found to have an insignificant effect on the 
fire resistance rate, indicating that the temperature field close 
to the edges is not affected by the dimensions of the door-
leaf. A significantly more favorable performance is obtained 
in the case of mounting the door on the unexposed wall side.  
Appropriate thermo-mechanical models are developed to 
simulate the large-scale fire-resistance tests using the Finite 
Element Method. The experimental and numerical results are 
compared in terms of transient temperature and deflection 
curves, as well as developed failure modes, providing good 
qualitative and quantitative agreement.  
 

 
 
Figure 1.  Objectives of experimental and numerical investigation on 

large fire doors. 

 

 
 
Figure 2.  Numerical simulation of furnace test on sliding door using the 

finite element method. 

 

References 
[1] European Committee for Standardization, EN 1363-1:2020 Fire 

resistance tests - Part 1: General requirements. Brussels, 2020. 

[2] European Committee for Standardization, EN 1634-1:2014 Fire 
resistance and smoke control tests for door and shutter assemblies, 
openable windows, and elements of building hardware - Part 1: Fire 
resistance test for door and shutter assemblies and openable windows. 
Brussels, 2014  

[3] International Maritime Organization, International code for application 
of fire test procedures (2010 FTP Code). London, 2010. 

[4] I. D. Thanasoulas, I. K. Vardakoulias, C. J. Gantes, D. I. Kolaitis, and 
M. A. Founti, “Thermal and Mechanical Computational Study of Load-
Bearing Cold-Formed Steel Drywall Systems Exposed to Fire,” Fire 
Technol., vol. 52, no. 6, pp. 2071–2092, 2016. 

[5] I. D. Thanasoulas, I. K. Vardakoulias, D. I. Kolaitis, C. J. Gantes, and 
M. A. Founti, “Coupled thermo-mechanical simulation for the 
performance-based fire design of CFS drywall systems,” J. Constr. 
Steel Res., vol. 145, pp. 196–209, 2018. 

[6] J. A. Capote, D. Alvear, O. Abreu, M. Lazaro, Y. Boffill, A. 
Manzanares, and M. Maamar, “Assessment of Physical Phenomena 
Associated to Fire Doors During Standard Tests,” Fire Technol., vol. 
49, no. 2, pp. 357–378, 2013. 

[7] P. Boscariol, F. De Bona, A. Gasparetto, and L. Moro, “Thermo-
mechanical analysis of a fire door for naval applications,” J. Fire Sci., 
vol. 33, no. 2, pp. 142–156, 2015. 

[8] M. Tabaddor, P. D. Gandhi, and G. Jones, “Thermo-mechanical 
analysis of fire doors subjected to a fire endurance test,” J. Fire Prot. 
Eng., vol. 19, no. 1, pp. 51–71, 2009. 

 

BOOK OF ABSTRACTS Nordic Fire and Safety Days 2021

36



Fire Safety Engineering assessment of building 
components  
A semi-qualitative risk approach  

Lars Erik Sorthe  Lars Vædeled Roed 
The Danish Institute of  The Danish Institute of   
Fire and Security Technology Fire and Security Technology  
Copenhagen, Denmark Copenhagen, Denmark 
LAS@brandogsikring.dk LVR@brandogsikring.dk 

 

Annemarie Poulsen Janne G. L. Fredriksen  
The Danish Institute of  The Danish Institute of  
Fire and Security Techn. Fire and Security Techn. 
Copenhagen, Denmark Copenhagen, Denmark 
APO@brandogsikring.dk JGF@brandogsikring.dk 
 

 
Keywords:   
Fire safety engineering,  
Building components and materials 
 
Abstract 
There are several standards and tools for the assessment of 
fire safety engineering in buildings, where several of these 
standards and tools have a strong focus on quantitative 
analysis with calculations and simulation tools. For the 
analysis, where the problem at hand is relating to the use of 
a specific building component or building material, there are 
limited relevant methods and tools available. Most of the 
available tools and methods, are focusing on cases where 
there are an absolute accept criteria, e.g. deterministic 
analysis of RSET/ ASET, visibility (smoke concentration) 
and heat fluxes. For cases or problems regarding building 
components and materials, these methods are seldom 
relevant or not suitable. For these cases, it might be hard to 
set an absolute accept criteria, as there are limitations in the 
quantitative tools, or the problem at hand is not solvable 
with an absolute accept criteria. 

The presented method gives a transparent and 
methodical evaluation in the use of a specific building 
component. The method gives the relevance between the 
primary function of the building component and the 
involved risk, and the evaluation process. The primary 
function is defined as the fire safety objective that the 
specific building component should fulfill in relation to the 
overall fire safety strategy for the building.  

The basis for the method is known principles from fire 
safety engineering in DS/ISO 3932-1:2018 [1] and uses the 
comparative approach from DS/INSTA TS 950:2014 [3], 
where the method is focusing on evaluation of building 
components and building materials.  

The user of the method shall have knowledge in fire 
safety engineering, testing and classification of building 
components and materials and shall be able to evaluate how 
the building component perform in relation to the overall 
fire strategy of the building. 

To be able to evaluate the performance of an actual 
building component, there is a need for documentation in 

how it behaves in case of fire. The documentation is used in 
a comparative and semi-qualitative risk approach, based on 
the prescriptive or a pre-accepted solution for the building 
component (with the underlying functional requirement).  

In the daily work for a fire safety engineer, many of the 
projects are solved with pre-accepted solutions related to the 
building regulation, with the need for some degree of 
deviation from these given solutions. There is no commonly 
accepted tool or method for the simple deviations from the 
pre-accepted solutions regarding building components and 
materials. A common way of handling smaller deviations is 
through qualitative assessments, with differences in quality 
and transparency in the arguments.  

The method uses the safety level given through the pre-
accepted solution as a baseline, where the given safety level 
with a pre-accepted solution is deemed to satisfy the safety 
level and be acceptable. 

The method can be used to evaluate a tested building 
component or building material that does not meet the pre-
accepted solution in a specific project, e.g. with higher heat 
release rate or smoke production.  

 
Method description 
The method is divided into  5 steps, where the first steps, i.e. 
defining a problem, setting acceptance criteria and defining 
fire scenarios, is comparable with DS/INSTA TS 950:2014 
[3]. During the first steps, the problem at hand is defined 
using the relevant pre-accepted solution and related 
performance criteria in the building regulation. These are 
used as qualitative acceptance criteria in the analysis 
relating to the relevant pre-accepted solution. The risk and 
hazards of building component or building material are 
further identified together with the related fire scenario. The 
length of the fire scenario depends on whether the impact 
relates to evacuation of a specific room (short time), the 
whole building or whether the scenario involves spread of 
fire beyond fire compartment (long time).  

The method evaluates the actual building component, in 
context of a specific use (in a building), and how it 
contributes to a given fire scenario, as one part means of fire 
safety in the building. In the evaluation of the deviation, the 
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method uses a risk-matrix with probability and 
consequence, using a traditional definition of risk, i.e. risk is 
a combination of the probability and consequence in a given 
scenario. The probability and consequence directly relate to 
the performance of a pre-accepted solution, and if the 
building component or material, performs better or worse. 
E.g. if the pre-accepted solution is a wall cladding with the 
classification of K1 10/B-s1,d0, and the applied cladding has 
a classification of  K1 10/D-s2,d0. The immediate 
conclusion for the applied cladding is that it will have a 
larger heat release and smoke production. The evaluation 
further includes the performance of the cladding, in 
relevance with the actual room/building and other relevant 
measures in the given fire scenario. The method uses a 5x5 
matrix, where the middle section in yellow of the matrix 
represents the level of safety with the pre-accepted solution 
and is deemed acceptable. The acceptable level of safety 
with a pre-accepted solution is shown with a black circle in 
Figure 1. 

Each scenario is evaluated against the pre-accepted 
solution, used as the acceptance criteria, in the middle 
section whether e.g., the probability of occurrence is the 
same, higher or lower and similarly for the consequence. A 
5x5 matrix going from very low, low, medium, high and 
very high, have been chosen to give an adequate degree of 
refinement during the evaluation of the scenario, without 
getting too coarse or detailed.   

When or if, a scenario turns out to have an unacceptable 
risk level further analysis has to be carried out to assess 
whether it is possible to add some mitigation measures. The 
result of the analysis can also be that the risk cannot be 
accepted, i.e. the building component is not deemed safe to 
be used in that specific building.  

 
 
Figure 1. Risk matrix for the method 
 

To ensure the quality and obtain reproductive results 
when using this method, it is recommended that the task to 
be carried out in a team of a least 2 or 3 persons. Especially, 
to obtain the right probability and consequence levels and to 
determine the measures necessary to mitigate or reduce an 
unacceptable risk.   

The method has been tested on different cases with an 
external wall cladding, a folding partitioning wall and an 
upgraded cladding with fire retardant paint to give concrete 
examples on the field of application. 

 
Advantages of the method 
The advantages of the method is that all relevant aspects 
related to the problem will be addressed step-by-step in a 
similarly way from case to case to produce transparent 

results. The use of a risk matrix supports and shows the 
basis for decisions taken.   

With a relatively limited number of working hours, it is 
possible to assess whether a proposed use of a building 
component or building material in a building is acceptable. 
 
Limitations of the method 
The method is limited to simple deviations related to the 
specific use of building component or building material in a 
building. Where the deviation does not influence other 
deviations. Additionally, it is a prerequisite that basic 
information of the product is given e.g., fire test reports. 

The method has so far been tested in a few cases, and 
will be further tested in upcoming real projects. The method 
is limited to building components and building materials, 
where there is a comparable pre-accepted solution related to 
the building component and material. The purpose of the 
method is not to make a general assessment or approval, or 
be a substitute to the extended application system in the 
European classification system through the DS/EN 13501-X 
[3] series and standards for extended application etc. 
 
Outlook 
As professional fire safety engineers start using the method 
in different projects, evaluation of the method is necessary, 
to include the experience in a broader user perspective. 
Potentially other uses should also be investigated, i.e. if the 
method can be used on other than building components and 
building materials.  

With a stronger focus on CO2 emissions, use of 
biodegradable materials and circular use of building 
components, the method may have a potential in screening 
and risk handling with new building components and 
building materials. 
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Abstract 
In order to assess the fire resistance of concrete structures the 
temperature performance of the element connections is an 
important parameter. There are various types of element 
connections, but here one newer technology (GSCL) has been 
tested at high temperature. Presently, the research on the 
performance of the Grouted Spiral-Confined Lap joint 
(GSCL) technology is mostly focused on its normal 
temperature behavior. A large number of studies show that 
this rebar connection technology can be safely used in 
concrete structures at ambient temperatures. Only, a few 
studies on the mechanical performance of this connection 
technology under high temperature have been done. In order 
to further study the high temperature performance of 
prefabricated shear wall joints, pull-out fire tests of the GSCL 
joints have been carried out and are reported in this paper. In 
the experiments, a new type of high temperature pull-out 
loading device is used to test these lap joint specimens 
behavior. The experiments have been done on three 
longitudinal rebar diameters (d=12mm, d=16mm and 
d=20mm), and at four temperatures (20℃, 400℃, 500℃ and 
600℃). Through the experiment, three failure modes of the 
specimen are found, which are reinforcing steel bar breakage 
accompanied by concrete damage and steel micro-slip, 
reinforcing steel bar breakage accompanied by concrete 
failure, and reinforcing steel bar breakage accompanied by 
concrete undamaged.  

 
Experiment under high temperature 

In the prefabricated concrete structure, the connection node 
of prefabricated components is rather weak. Mature and 
reliable connection technology is the key to ensure the 

integrity and safety of the prefabricated structure [1]. 
Nowadays, the technology of grouted spiral-confined lap 
joint (GSCL) is suitable for the industrialized production of 
residential buildings, and it is mainly applied for the joint of 
longitudinal rebar in precast shear walls. When producing 
this joint, one of longitudinal rebar is put in the formwork and 
the hole with spiral stirrup is reserved in the precast concrete 
member. After the concrete reaches the initial setting 
strength, another longitudinal rebar will be inserted into the 
reserved hole, and fixed by pouring grouting material into the 
hole. Finally, the embedded rebar and the grouting anchor 
rebar are connected in the concrete by the grouting material 
and spiral stirrup. According to the material in the GSCL 
joint, this kind of steel bar connection transfers force by the 
bonding and anchoring among the steel bar, concrete and 
grouting material. 
      In order to obtain the behavior of GSCL in high 
temperature, constant temperature loading will be adopted in 
the experiment. According to the research at high 
temperature[2][3], the temperature of test furnace will be 
increased by 10℃/min.  When the furnace temperature 
arrives setting temperature, keeping the furnace temperature 
unchanged until the internal temperature of the specimen is 
the same as the furnace temperature, then applying the 
external load on the specimen. And the failure specimen can 
be seen in the fig.1.  

         
               (a)                                              (b) 

Figure 1.  Failure diagram of  GSCL joint 

    Fig.1 is a front and side view of the specimen failure. In 
this figure, the specimen failure mode is reinforcing steel bar 

BOOK OF ABSTRACTS Nordic Fire and Safety Days 2021

39

mailto:fram@byg.dtu.dk


breakage accompanied by concrete failure, and the 
temperature is 600℃. According to failure mode of other 
specimens, there are three failure modes, i.e.1) reinforcing 
steel bar breakage accompanied by concrete damage and steel 
micro-slip, 2) reinforcing steel bar breakage accompanied by 
concrete failure, and 3) reinforcing steel bar breakage 
accompanied by concrete undamaged. When the temperature 
is the same, the concrete damage degree of the specimen 
becomes more serious with the increase of the longitudinal 
steel bar diameter. The experiments under high temperature 
showed that the specimen failure is due to the steel bar 
breaking. 
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Abstract 

Motivation 
Steel structures are often designed with a certain degree of 
static indeterminacy, due to the relative simplicity of realizing 
moment resistant steel connections and the economic and 
safety benefits of having plastic redistribution over the 
structure at failure. 

Although such redundancy is mostly beneficial to the 
structural vulnerability against accidental events, it is also 
responsible of the rise of thermally-induced eigen-stresses in 
the restrained elements in case of fire. Such stresses are known 
to significant reduce the capacity of the element with respect 
to a similar unrestrained element [1]. 

Nevertheless, current regulations for design steel elements 
in fire [2] allow to neglect the effect of indirect stresses (and 
therefore also eigen-stresses), in case standard fire exposure 
[3] is assumed as design fire. This simplification is justified 
by the supposedly conservativeness of the standard fire with 
respect to real fires. However, on one side, the 
conservativeness of standard fire, which is dependent on the 
required resistance classes, has recently been challenged by 
the lower ventilation and higher insulation of modern low-
energy buildings [4, 5]. On the other side, there are no studies 
investigating how much conservative the design fire should 
be, to make up for the neglected eigen-stresses. On the 
contrary, unaccounted effect of thermal expansion have been 
indicated in literature as cause of fire-induced structural 
collapses of steel [6] and even concrete [7] buildings. 

Without further research on the topic, a fire design of steel 
structures, where the effect of hindered thermal expansion are 
neglected, cannot therefore be considered safe, even in case 
standard fire is assumed as design fire. 

Object and method 
This study is aimed at investigating whether and to which 
extent it is conservative to follow the EN indication [2] on the 
possibility of neglecting the effect of indirect stresses when a 
standard design fire is used. 

This aim is pursued by: 

1. Presenting a simple analytical method to find the capacity 
of columns with different degrees of expansion in fire. 

2. Applying the method to the design of a simple beam-
column system used as case study and presented in Fig. 1. 

Different design fires (Standard fire curve [3], Danish 
parametric curve [8], and Swedish fire curve [1]) and 
different material models (Eurocode [2], Hertz’s [9], and 

Petterson’s [1]) are considered in these calculations and 
presented in Fig. 2 and Fig. 3, respectively. In addition, 
two different expressions of the imperfection are applied: 

i. the imperfection indicated in the Eurocode [2] 
(indicated as “EC” in the results presented in Tab. 1) 
for the design with standard fire and the Eurocode 
material model; 

ii. and the expression reported in the Petterson [1] 
(indicated as “simple” results presented in Tab. 1) for 
the design with Hertz [9] and Petterson [1] material 
models. 

The effective restrain provided to the column by the 
overlaying beam is computed and considered in the 
calculations and the resulting critical temperature and 
minimum insulation to resist the imposed load is 
calculated for the different cases.  

3. The critical temperature and minimum insulation are then 
recalculated in all cases, by assuming the column free to 
expand and the results of the restrained and free columns 
are then compared. 

In particular, the comparison between the unrestrained 
column designed with standard fire (as per EN indications 
[2]) and the restrained column designed with the Danish 
parametric fire is highlighted.  

 
Fig. 1: Beam-column system used as case study 

 
Fig. 2: Temperature of the gas, unisulated steel column and insulated steel 

column accoding to the three design fires considered: Standard fire 
(left), Danish fire (center), Swedish fire (right) 
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Fig. 3: Different material models assumed: degradation of effective 

yielding and E-modulus according to EN (left); degradation of 

0.2% strength and tangent E-modules according to Hertz (same 
curve, center); degradation of 0.5% strength and tangent E-moduls 
at different stress values according to Petterson (right). 

Results and conclusions 
The main results of the investigation for a column free to 
expand ( =1) and restrained by the beam (degree of expansion 
( = 0.9) are summarized in Tab. 1, which reports the 
minimum mineral wool insulation (in mm) obtained by 
assuming the three different design fires (rows) and material 
models (columns) reported in Fig. 2 and Fig. 3, respectively. 

The comparison of the circled data in Tab. 1 shows the 
main result of the investigation. The minimum insulation 
thickness obtained by assuming a standard design fire and 
neglecting the effect of indirect stresses, as per Eurocode 
indications [2] is 50% and 40% less than what obtained by 
considering such effect and following the Danish and Swedish 
method (design fire and material model), respectively. 

The effect of the restrained expansion can be observed by 
comparing the values in the two light-grey cells with the 
values of the two dark-grey cells on the respective columns. It 
is seen that the increment of minimum insulation due to the 
column restrain is 58% in case the Danish design method is 
used (Danish fire [8] and Hertz’s material model [9]) and 92% 
in case the Swedish design method is used (Swedish fire and 
Petterson’s material model [1]). 

By comparing the values of different rows on the same 
column (same material model) for the same degree of restrain, 
the effect of the different design fires can be observed on the 
different rows. It is seen that the Danish and Swedish fires are 
the most and least conservative, while the Standard fire yields 
results that are in the middle of the two in case of the column 
free to expand and very close to the Swedish fire in case of the 
restrained column. This indicates that the conservativeness of 
the standard fire is limited to the comparison with the Swedish 
fire and, most importantly, to the case of unrestrained 
columns. The use of stand fire does not yield conservative 
results in case of restrained column and, as such it cannot 
compensate the huge effect of neglecting the effect of 
hindered thermal expansion. 

As a conclusion, it is highly recommended to include 
effect of hindered thermal expansion in the design of steel 
columns, irrespectively from the design fire considered.  

A final consideration is related to the effect of the different 
material models, which can be observed by comparing values 
of different columns on the same row (same design fire) and 
same degree of expansion. It is seen that, in the case of 
unrestrained column, Hertz’ material model is more 
conservative than Petterson’s material model (+10-15% 
insulation thickness), while the opposite occurs in case of 
restrained column, although the difference in term of mm of 
insulation is very limited (<5% insulation thickness). 

The lower conservativeness of Petterson’s material model 
is expected, in consideration of the higher accuracy of such 
model, where the full nonlinear stress-strain curve is assumed 
and the value of the tangent stiffness modulus at each 
corresponding stress value are assumed (Fig. 3, right). Both 
Hertz’s and EN material model assumes instead a simplified 
bilinear model. However, while Hertz’s model [9] assumes a 
limit strength corresponding to the strength at 0.2% residual 
strain (often called proof strength), the EN model [2] is based 
on the so-called “effective yielding”, which is the ultimate 
strength of the steel corresponding to 2% strain (end of the 
yielding curve). Although the 2% strain assumed in the EN 
model [2] may be valid for steel beams that have large 
deflection in fire, it is unlikely that columns will reach such 
high compressive strain before failure. For this reason, a more 
conservative assumption of the limit strength such as in 
Hertz’s model [9] is recommended for columns, in case a bi-
linear simplified material model is used. 

Tab. 1: Thickness of min mineral wool insulation (in mm) obtained for the 
different design fires (rows) and material models (columns) 
assumed for the free and restrained column. 

Column 
Fire curve 

Material model 

Expansion Imperf.. EC3-1-2 Hertz Pettersson 

Free 
( =1.0) 

EC Standard 
15 

--- --- 

Free 
( =1.0) 

Simple Standard --- 17 15 

Simple Danish --- 19 17 

Simple Swedish --- 15 13 

Restrained 
( =0.9) 

Simple Standard --- 24 25 

Simple Danish --- 30 31 

Simple Swedish --- 24 25 
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Abstract 
To enable fire design of light timber frame assemblies with 
I-joists and combustible insulation based on calculations, 
design parameters for I-joists and combustible insulation 
must be developed. A series of 5 fire experiments was 
therefore performed in a medium scale furnace to study the 
charring scenarios of two types of I-joists and the 
degradation rate of four types of combustible insulation. 

The experiments show that wood-based insulation 
materials degrade at a lower rate than traditional combustible 
insulation types, and the charring rate of I-joist flanges is 0.37-
0.76 mm/min before fall-off of cladding. 

Based on the results from the experiments, design 
parameters for the I-joists and insulations will be developed 
and incorporated into the European fire design models for 
light timber frame assemblies. The models enable simple 
calculation of the fire resistance walls and floors. 

 
Introduction 
Simplified calculation models for the charring of studs and 
joists in light timber frame assemblies have been developed 
and are described in [1,2,3]. The models can be used for 
assemblies with rectangular timber cross-sections with 
cavity insulation of mineral wool. The handbooks [2,3] only 
briefly mention timber frame assemblies with I-shaped 
timber members (I-joists). The models are not applicable to 
assemblies with combustible insulation. 

Development of a comprehensive calculation model for 
assemblies with I-joists and mineral wool insulation is 
described in [4,5]. And design models for assemblies with 
rectangular cross-sections with cavities filled with 
combustible insulation have been developed [6]. But, design 
parameters for light timber frame assemblies with wooden I-
joists and combustible insulation have not been established.  

The aim of this project is therefore to develop design 
parameters for walls and floors with I-joists and combustible 
insulation of wood fibre, cellulose fibre and PIR, for 
implementation in the new version of Eurocode 5 [1]. In part 
one of the project, experiments were performed to determine 
the charring rate of the I-joists in assemblies with cavities 
filled with different types of combustible insulation. And to 
determine the charring properties of the different insulation 
types. In the second part of the project, the results are used to 
develop design parameters for I-joists and insulations, which 
will be included in the fire design model described in [4,5]. 
 
Experiments 
A series of 5 fire experiments were performed in a medium 
scale furnace. The test specimens represent small timber 
frame assemblies of I-joists, with cavities filled with 
combustible insulation. The products used in the tests are 
given in Table 1. The height of the I-joists and total 
thickness of the insulation was 200 mm. 

The I-joists were installed in a wooden test frame. The 
frame was made of double rectangular beams of solid wood. 
The dimensions of the frame are given in Figure 1. The inner 
space of the frame was divided into two rectangular cavities, 
A and B. In each cavity, three I-joists of one product with 
different flange sizes were installed, and insulation were filled 
in the space between the I-joists, see Figure 1 and Figure 2. 
All I-joist products and insulation products were combined in 
different experiments. 

One layer of 15.4 mm thick fire gypsum board (GtF) was 
fixed to the frame on the fire exposed side. Two separate 
boards were used, one below cavity A and one below cavity 
B. The gypsum boards were slightly smaller than the furnace 
opening, to allow fall-down of the boards. The gypsum boards 
in Tests 1, 2 and 3 were attached with 41 mm screws. This 
caused a fall-off of the boards at about 60-65 minutes. To 
reduce the fall-off times, 30 mm screws were used in Tests 4 
and 5. The fall-off times were then 32 - 38 minutes. 
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Table 1.  I-joists and insulation used in the experiments. 

Product name Description 
Insulation 
Insulation 1 Cellulose fibre, Loose fill 

Blown into specimen 
Insulation 2 Wood fibre, Loose fill 

Manually packed into specimen 
Insulation 3 Wood fibre, Batt 
Insulation 4 Thermoset phenolic insulation 
I-joists 
I-joist 1 LVL-flange, width 45-60-90 mm, height 39 mm 

Web of hard fibreboards 
I-joist 2 Solid wood flange spruce/pine, width 47-70-97 

mm, height 47 mm 
Web of particleboards

 
A 22 mm thick fibreboard was installed on top of the 

specimen, unexposed side. In the interface between the outer 
frame and the fire gypsum boards, and fibreboards, a fire 
sealant was used to reduce smoke and heat leakages during the 
fire test. The test specimen was positioned horizontally on top 
of the furnace. The temperature development in the furnace 
followed the standard temperature-time curve [7]. 

 
Figure 1.  Dimensions of the timber frame and position of I-joists A / B. 

 
Figure 2.  Cross-section of the specimen. 

The temperature development in the specimen was 
measured with type K thermocouples (TC). Temperatures on 
the flanges and webs of the I-joists were measured at positions 
5-8 in Figure 3. The temperature in the I-joists was measured 
at depth 0 mm, 6 mm, 12 mm and 18 mm from the fire exposed 
side, see positions 1-4 in Figure 3. The temperatures were also 
measured in the centre of the insulation, between the fire 
gypsum board and insulation, and between insulation and 
fibreboard. The charring rates of the flange and web of the I-
joists, and degradation rate of the insulation, were studied. The 
charring rate was determined based on when the embedded 
TCs (0, 6, 12 and 18 mm) reached 300°C. The insulation 
degradation was found in the same way, but based on TCs 
embedded into the insulation.  

 
Figure 3.  Position of thermocouples on I-joist. 

Results 
The result analysis is not completed, only trends are covered 
here. The calculated charring rates of the flanges show that: 
- the flanges were charred in two dimensions due to 
degradation of the insulation, 
- there is a linear charring rate (0.37-0.76 mm/min) before 
fall-off of the gypsum boards, and the charring rate 
increases after fall-off of the gypsum boards,  
- the charring rate decreases with increasing flange width, 
- charring rate of the LVL flanges was in the same range as 
for the solid wood flanges. 

The degradation rate of the insulation varied but was better 
or equal to 7 mm/min for all products. This is less than typical 
values of glass wool insulation (~20 mm/min) [2]. The loose 
fill insulation had the lowest degradation rate (~1-4 mm/min). 
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Abstract 

This current study was conducted to utilise the value-
added material of biochar to host an effective fire retardant 
(FR) molecular component, for the manufacturing of wheat 
gluten-based composites. The FR was naturally occurring 
lanosol1, which was delivered to the polymer by placing it in 
biochar pores in three different manners. Firstly, lanosol and 
biochar were dry mixed, secondly, lanosol was thermally and 
then chemically doped into biochar. The lanosol-doped 
biochar (Figure 1) was then used to make gluten composites. 
Following this, the flammability of FR-added wheat gluten 
composites was assessed using microscale combustion 
calorimeter (MCC) and cone calorimeter experiments. The 
study evaluated the ignition temperatures, ignition capacities 
and fire growth capacities of the samples. The activation 
energies required to initiate the burning of the samples were 
also estimated. The addition of lanosol and biochar together 
actively improved the flammability properties of wheat 
gluten. In the analysis, the dry mixture of the three materials 
had lower activation energy and ignition temperature, 
however, the doping process revamped and enhanced the 
properties. Overall, the thermally doped sample exhibited 
desirable flammability properties.  

 

 
Figure 1.  Scanning electron microscopy image of lanosol-doped biochar. 

 

Materials and methods 
Since biochar has a porous structure, lanosol particles were 
fused into the pores. This was done by mechanical, chemical 
and thermal doping methods. The wt% of biochar and lanosol 
were 6% and 4% respectively. The doped biochar was mixed 
with plasticiser-added gluten powder and compression 
moulded for 20 mins at a force of 250 kN and temperature, 
140 °C to obtain the final composite samples. Six different 
samples, namely, WG (neat wheat gluten), BWG (biochar 
and wheat gluten), LWG  (lanosol and wheat gluten), LBWG  
(dry mixed lanosol, biochar and wheat gluten), CLBWG 
(chemically doped lanosol, biochar and wheat gluten) and 
TLBWG (thermally doped lanosol, biochar and wheat gluten) 
were tested. The MCC experiments were performed with an 
MCC-3 equipment from Deatak™ at Nanjing University of 
Science and Technology, China using ASTM D7309 test 
protocol. The thermal degradation (Method A) and thermal 
oxidative degradation (Method B) processes were employed 
for the flammability analysis2. Fire reaction measurements 
under heat radiation were conducted using a cone calorimeter 
(FTT Limited, East Grinstead, UK). The composites (100 x 
100 mm) were evaluated in a horizontal position by an 
external heat flux of 50 kW/m2. The distance between the 
cone heater and the sample surface was 25 mm and a load cell 
was equipped to measure the mass loss during the testing.  
 
Brief results and discussions 
The lanosol was successfully doped inside the biochar. The 
degree of improvement of the flammability of wheat gluten 
was higher with the addition of lanosol than just biochar. 
Combining the materials and applying the two doping 
methods produced feasible results as it controlled the release 
of bromine gas and also reduced the peak heat release rate of 
the samples. The ignition temperatures of the samples were 
higher in the thermal oxidative decomposition process than 
the thermal decomposition method. This was attributed to the 
delay in the release of bromine gas due to the presence of 
oxygen. The thermally doped composite attained the highest 
ignition temperature. Wheat gluten has a high ignition 
capacity, which was greatly improved by lanosol and biochar. 
The chemically doped sample showed a higher ignition 
capacity then the thermally doped composite. Similarly, the 
additives improved the fire growth capacity of the neat wheat 
gluten. The FGC results for Method A were significantly 
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different from Method B. The addition of biochar to wheat 
gluten produced a slower reaction towards pyrolysis. The dry 
mixture had a lower activation energy however the thermal 
doping method caused an increase in the activation energy. 
Considering the cone test results, there were no clear-cut 
differences in the flammability of the composites (Figure 2). 
Nevertheless, the ratio of total smoke production to the total 
heat release showed that the thermally doped sample released 
more smoke than heat when exposed to fire. The presence of 
oxygen in the pyrolysis process of materials changes their 
reaction to fire. The changes observed are highly dependent 
on the purity of the materials. This has been proved in this 
research with the Method A and B experiments from the 
MCC. 
 

 
 

Figure 2.  Plots of heat release rate against time for the six wheat gluten 
samples 
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Abstract 
Few countries have as high proportion of old densely built 
wooden settlements as Norway. These historically important 
built environments are susceptible to large outdoor fires [1,2] 
and WUI-fires [2,3]. National goals are established to protect 
these against fire and fire protection is therefore an ongoing 
activity. The aim of this study was to gather experience 
regarding fire protection from most of these areas in Norway 
and present new knowledge about successful measures and 
possible challenges. 

 

 
Figure 1.  Each point marks old densely built wooden settlements. 

 

Empirical research 
Relevant national and international research literature, 

national fire safety laws, regulations and guidelines, statistics 
and 60 municipality fire safety plans, have been investigated. 
70 persons working in different municipalities, fire brigades, 
the Norwegian Directorate of Cultural Heritage (NDCH) and 
the Directorate of Civil Protection have been interviewed 
regarding fire protection activities. Further empirical data 
from 20 fires have been collected from media and local fire 

departments for evaluating firefighting challenges in Nor-
wegian historic wooden towns. 

 
Results [4] 
Throughout the whole country there is willingness and 
dedication to protect historic wooden towns, both on national 
and municipal levels, as well as among the inhabitants. The 
status as cultural heritage, and thereby focus and support 
from the NDCH, may be highlighted as the most important 
reason for the improved fire safety of today.  

A review of relevant international research provided 
knowledge about risk factors and possible measures, but 
leaves the impression that Norway is in a leading role when 
it comes to the practical implementation. However, since 
many different types of measures have been implemented in 
the communities, there is still a relatively small basis from 
which to gather experience. 

The review of laws, regulations and guidelines leaves 
questions as to who is responsible for what when it comes to 
the fire protection of heritage towns. It is even uncertain 
whether anyone has an overall responsibility. This creates 
uncertainty and results in different approaches for the 
involved municipalities. 

The empirical data show that most municipalities work 
independently on fire protection, applying different methods 
and priorities. There is generally limited exchange of 
experiences and limited focus on the effect of the established 
measures. The focus is often on what measures others have 
implemented as opposed to assessing the effects of these 
measures. 

The fire protection plans provide useful information and 
mostly recommend effective measures. They can however be 
perceived as overwhelming and do not always provide clear 
recommendations. In the absence of accurate statistics and 
empirical data, measures seem to be recommended based on 
risk perception rather than risk analysis. Municipalities who 
succeed with their fire safety measures have worked 
systematically over time and distributed the responsibility for 
the different sub-tasks. 

Early smoke detection and alarm transmission to the fire 
service, and consequently early fire response, stands out as a 
measure that has prevented loss of significant cultural and 
historical values. This is confirmed both by the munici-
palities' experience, fire statistics and post fire investigations. 
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The effects of fire prevention and passive measures are more 
uncertain and cannot by documented similarly. 

Investigation of relevant fires for the period 2015 to 2019 
revealed that most fires were detected and reported by 
neighbors or random passers-by. Another common feature 
was the firefighting challenges of accessing a fire in cavities 
or attics. In close to 50% of the fires, the fire fighters therefore 
had trouble locating the fire, could not apply water, and did 
not know whether the fire was under control or not. 

 

 
Figure 1. Fire department responding to a fire in the historic wooden town 
of Trondheim. 

 

Discussion 
This review does not capture all measures and aspects of 

the fire protection neither from historic towns in Norwegian 
nor from the research literature. However, since 90% of the 
historic towns in Norway are included in the review, and 
around 70 people have been interviewed, a clear picture is 
nevertheless formed of what works and does not work 
regarding fire protection. Lack of cooperation across munici-
palities when it comes to fire protection is also described in 
the research literature, e.g., for industrial fire protection. 
However, Norway seems to have come a long way with 
practical measures compared to other countries where 
research focuses more on mapping and risk analysis. 

Through sharing experience and knowledge, and clearer 
wordings in laws and regulations, the municipal fire 
protection efforts may be improved without high costs. New 
technology has previously proved useful for firefighting in 
densely built wooden communities and must continue to be 
tested. Historically, large conflagrations generally occurred 
in weather conditions we now can predict. New methods 
predicting risk peaks may enable risk based contingency 
management approaches [7,8]. 
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Background 
Learning from incidents is widely recognised as a core 

activity of safety management. Fires are particularly 
interesting incidents due to a) their potential of devastating 
outcomes on lives and property, b) because they happen 
across sectors of society and industries, businesses and homes, 
c) as they are considered incidents themselves or as 
consequences of various other initiating events (e.g. like a car 
crash), and because d) understanding, preventing and 
mitigating fires require highly skilled professionals.  

Real fires are valuable opportunities for learning. The 
investigation and subsequent analysis reveal knowledge on 
how fires occur and why they develop as they do. This 
knowledge can be used for revision of regulations, applied by 
insurance companies in risk assessments, by manufacturers of 
building products for installation and product evaluation and 
-development and for fire safety engineers when developing 
fire safety strategies for buildings. This information also gives 
input to the fire statistics which is of key importance for 
understanding society’s fire safety challenges but is also 
important input in research projects.     

In Norway, different actors play a role in investigating and 
learning from fires. The police investigate to uncover potential 
criminal acts and to establish the cause of fire. The fire service 
evaluates firefighting operations to learn and improve their 
effort. Insurance companies examine fires in connection with 
insurance compensation or recourse and the authorities 
evaluate the fires with the purpose to learn and get input for 
changes in regulation. Supervisory authorities and agencies 
can examine fires within their jurisdiction, e.g. the Petroleum 
Safety Authority examines fires in the oil and gas industry and 
the Norwegian Safety Investigation Authority investigates 
fires in the transportation sector. 

However, far from all fires in Norway are investigated, 
and many of those who are end up with unknown cause in the 
statistics. If a larger portion of fires were investigated, 
valuable information regarding efficient use of resources in 
the fire-preventive work could be obtained. This in turn would 
lead to an improved fire-safety level, and reduction in the 
number of fatalities and losses. 

Method 
The present study seeks to understand the preconditions 

for learning from fires in Norway, with emphasis on existing 
practices for learning, and potential inhibiting and promoting 
aspects.  

Methodologically, a brief international survey was 
conducted on how other countries learn from fire incidents. 
Then, qualitative interviews were conducted with relevant 
Norwegian actors comprising the police, fire services, 
relevant authorities, insurance companies, the Norwegian Fire 
Protection Association, educational institutions and the 
Norwegian Safety Investigation Authority. In this paper, we 
highlight findings particularly relevant for sharing knowledge 
obtained through investigations. A general overview of 
findings related to learning from fires in Norway is reported 
elsewhere [1], [2]. 

The interview results were analysed using a simplified 
thematic analysis and structured according to the Pentagon 
model framework, see Figure 1 [3]. The findings were thus 
categorized within structural, cultural, technological, 
relational, and interactional factors that constitute 
preconditions for obtaining and sharing knowledge from fire 
investigations. 
 

Results 
The phases of the feedback loop for learning from accident 

investigations can be described as (i) Investigating and 
analysing incidents, (ii) Planning interventions, (iii) 
Intervening, and (iv) Evaluation [2]. Preconditions for 
obtaining adequate knowledge is related to the first phase, 
while sharing knowledge can be argued as part of the 
transition between the two first phases. Thus, the fire 
investigation and the knowledge obtained could be considered 
the foundation of which managed learning efforts could be 
built on, where sharing knowledge is an important next step. 
Findings belonging to obtaining adequate knowledge from 
investigations and sharing of information contained aspects 
such as the culture of the fire service when handling fire 
scenes. The experience-based nature of the profession gives 
rise to personal ownership of the incident and a “this fire is 
mine, -keep away” attitude, which, although there exist good 
contrary examples, hinders collaboration with other fire 
departments. This is also found to be the case for the police as 
reluctance for collaboration on investigation with national 
organisations was communicated in the interviews. 
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Authorities also viewed that learning and sharing across the 
fire services is limited, which is supported by findings in a 
report on the Swedish fire service culture [4]. A possible 
explanation was presented by informants; a fear of appearing 
weak and have one’s actions judged by others gets in the way 
of learning from the extinguishing effort, but also hinders 
important information and cooperation in the first phase. 

 
Figure 1:The pentagon model [3]. 

A lack of competence within and across the police’s and 
fire services’ investigations was reported. An informant from 
the police pointed out that there is a need for increasing the 
basic fire investigation competence among the police 
investigators. Similarly, it was noted that fire service 
personnel have little to no formal competence in investigation 
methodology. In sum, these findings indicate room for 
improvement with regards to carrying out the investigations. 

Findings suggest that due to the many actors investigating 
fires, the focus, and goals of obtaining knowledge are 
differing considerably. Differences in these objectives is 
believed to weaken the cooperation between actors during-, 
and thus influencing the overall quality of-, the investigation. 

Specifically, relevant for sharing knowledge is the 
potential of technology and databases to bridge the gap when 
different actors gather all collected information on a common 
platform. Although having said potential, some informants 
commented how information, in established fire statistics 
databases, had varying quality as well as quantity. This could 
be due to a difficult user interface and not enough resources 
and time to analyse the incident thoroughly and report good 
data. There are new initiatives for databases that were deemed 
as promising, but still need to solve the issues the existing 
databases already experience. 

When discussing time and resources the informants 
pointed to some formal structuring prohibiting investigation 
and other important fire-preventive work, which could 
ultimately lead to inadequate grounds for sharing of 
knowledge. It is often difficult to argue for a higher 
prioritisation of preventive work due to the lack of clarity on 
how to measure the outcome of this effort. This often leads to 
higher prioritisation of preparedness and a dimensioning of 
preventive efforts fulfilling only minimum requirements. 
However, the regulations on dimensioning of fire services in 
Norway are under revision and will soon be republished. 

The two last factors from the Pentagon model are 
interaction, and relations and network. The findings on these 
factors overlapped since some of the informants gave input on 
how the personal relations across organisations were the 
determinants for the collaborations and not the formal 
structures. These personal relations would often be the 
interface between the fire service and the police, the 
authorities and the fire service and so on. The personal 

relations seem to work well in most cases but introduces 
vulnerability because the sharing of knowledge then relies on 
individuals. However, contrary examples of successful 
formalised collaborations are found. 

 

Suggestions for improvements 
Fire investigations in Norway are generally viewed as being 

qualitatively good, but there is potential for improvements. 
An important finding is that more resources for preventive 

work are needed. This must include higher formal education 
on fire in the police and fire investigation in general, possibly 
via the education for fire service personnel, and more 
resources than the minimum requirements for preventive work 
in the fire service. A collaborative effort on developing and 
utilizing databases (e.g. national fire statistics database [5]) 
with information from fire investigations is in progress, and 
the results seem very promising, given that aforementioned 
issues of existing databases are handled. 

A formalisation of collaboration between the police, the 
Local Electricity Inspectorate and the fire service in what has 
been earlier called “Regional fire investigation groups” would 
mean a positive synergy in fire investigations that would 
increase the quality of the work, and thereby the information 
and data related to each fire. We also support the suggestion 
that a public investigation commission for fires should be 
established in Norway, maybe as a part of the Norwegian 
Safety Investigation Authority to benefit from their 
established investigative methodology.  

 

Final remarks 
As has been discussed in this paper, and in the soon to be 
published report, the difficulty with getting preventive fire 
safety work out in the light and on the agenda has been known 
for quite some time. The authors hope that with this project’s 
tangible suggestions for improvements, decision makers can 
improve the learning process from fire investigation in 
Norway, and possibly international too.  
 

Acknowledgements  
The work has been conducted as part of the Fire Research and 

Innovation Centre (FRIC), which is funded by the Research 

Council of Norway (program BRANNSIKKERHET, project 

number 294649) and FRIC partners. 

 

References 
[1] E. Aamodt, A. L. Aalberg, A. Steen-Hansen, and S. M. Holen, 

‘Systematic learning from fire investigation in Norway’, To be 

published. 

[2] A. L. Aalberg, E. Aamodt, A. Steen-Hansen, S. M. Holen, and C. 

Sesseng, ‘LEARNING FROM FIRES IN NORWAY – 

STRUCTURAL, CULTURAL, TECHNOLOGICAL, 

INTERACTIONAL AND RELATIONAL ASPECTS’, ESREL, p. 1, 

Jan. 2021. 

[3] P. M. Schiefloe, Mennesker og samfunn : innføring i sosiologisk 

forståelse, 2nd ed., vol. 3. Fagbokforlaget Vigmostad og Bjørke, 

2011. 

[4] H. Ingason et al., ‘Effektiv räddningsinsats - inriktning brand’, 

Karlstad, Sverige, MSB 1441-September 2019, 2019. 

[5] ‘BRIS’, Direktoratet for samfunnssikkerhet og beredskap. [Online]. 

Available: https://www.dsb.no/lover/brannvern-brannvesen-

nodnett/artikler/bris/. [Accessed: 31 May. 2019]. 

 

BOOK OF ABSTRACTS Nordic Fire and Safety Days 2021

50



Prescribed burning of Heathland for WUI Fire 
Risk Reduction in Western Norway  
 

Anna Marie Gjedrem1,2; Maria Monika Metallinou1; Lene 
Jørgensen1; Christos Dimopoulos2; Liv Guri Velle3 

anna.marie.gjedrem@hvl.no; monika.metallinou@hvl.no;  
lene.jorgensen@hvl.no; C.Dimopoulos@euc.ac.cy 
liv.guri.velle@moreforsking.no 

 
1Department of Fire Safety and HSE Eng., Western Norway 
University of Applied Sciences, Haugesund, Norway  
2CERIDES-Excellence in Innovation and Technology, 
European University of Cyprus, Nicosia, Cyprus  
3Møreforsking, Ålesund, Norway 

Keywords: WUI fire disaster risk management, Prescribed 
Burning, Landscape management, Heathland, Sustainable 
transitions 
 
Introduction 
In the 21st Century, USA, Australia, and Mediterranean 
countries have experienced the fatal consequences of 
megafires as the combined result of accumulated biomass and 
(climate change induced) prolonged (summer) fire seasons 
[1]. In Canada, Alaska, and Scandinavia, sub-zero tempera-
ture fires are increasingly prevalent [2]. Most fires worldwide 
occur in the Wildland Urban Interface (WUI), areas where 
combustibles and ignition sources co-exist [1, 2]. 

Conceptually, ‘WUI fire disaster risk – reduction” 
highlights landscape management as an enabler for fire risk 
mitigation. The Disaster Risk Management Cycle (DRMC) 
[3], resilient Socio-Ecological Systems (SES) [4], and Risk 
and Vulnerability Analysis [5] are useful tools, to investigate 
how WUI fire risk reduction may be achieved in Western 
Norway. 

The global trend of intensive agriculture during the past 70 
years, altered centuries-long land management practices, also 
in Norway, leading to biomass accumulation in the country- 
side and WUI. The combination of winter-drought and 
biomass accumulation due to reduced grazing activities 
increase the risk of ignition in the WUI. Low-humidity-air 
decreases the fuel moisture content of wooden buildings and 
plants, which, if ignited, in windy conditions, will sustain a 
rapid fire spread [2]. Unmanaged wildland (in Western 
Norway mainly consisting of overgrown heathland) close to 
the settlements may further intensify, prolong, and complicate 
the fire crisis. The Flatanger fire (January 2014) destroyed 64 
structures, the highest number in one incident since 1945 [6]. 
This vegetation is now typical for the Atlantic coast of 
Norway, as well as its proximity to the WUI.  

In some areas of Norway, prescribed burning (PB) groups 
and local firefighters aim to decrease the risk of WUI fire 
disasters though collaborative efforts [7]. The academic fire 
safety community, environmental authorities, and the 
agricultural- and tourism sectors recognize the synergetic 
benefits heathland restoration through PB provides to bio-
diversity, local food production and fire risk reduction.  
Additionally, low intensity prescribed fires release far less 
smoke, compared to intense wildfires. The risk of summer 
wildland fires, which are likely to develop into peat fires, 

destroying soil and seed banks is also considerably reduced. 
Consequently, PB positively contributes to peat carbon 
storage. However, the extent in which PB is conducted in 
Norway is considerably lower than needed, in order to 
preserve the remaining heathlands (about 15% of the area one 
century ago) [8, 9] and the selection of places to conduct the 
burn is not coupled to protecting WUI from fire disasters. A 
strategic selection of areas for PB treatment, targeting WUI 
safety is recommended.  

 
Prescribed Burning, A Firesmart Approach 
In modern era, semi-natural (human-dependent) nature types, 
such as heathlands, are threatened due to lack of management. 
Global trends of wildfire suppression for about one century, 
have altered the ecological composition and increased natural 
fuel load in the WUI [1, 10]. Consequently, WUI fire disasters 
are increasing worldwide. Traditional PB, a practice upheld 
by context specific ethnoecological knowledge and experi-
ence, adapted to natural complexities may hold key 
information for ‘firesmart’ approaches to WUI fire disaster 
risk management [11].  
  

  
 
Figure 1.  PB to reduce biomass accumulation because of secondary 

succession in coastal heathlands of Rogaland, Norway, 
January 2021. 

The WUI fire DRMC [3] includes preparedness / 
prevention, response / relief, rehabilitation, and 
reconstruction. The degree of how communities understand 
WUI fire disaster risks enables them to prepare for and 
mitigate the hazards and increase the resilience of their SESs 
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[1, 4]. An approach that focuses solely on post-WUI fire 
disasters lacks a comprehensive understanding of the causes 
of fire disasters and the exposure/vulnerability of the 
community in the encounter of such disasters. Meanwhile, an 
approach that considers the full WUI fire DRMC is more 
likely to enable resilient SES, that can learn from and adapt to 
change. PB operations, see Figure 1, decrease the fuel load 
that in turn reduce the probability and intensity (consequence) 
of WUI fires. This in turn reduces the hazards imposed to life 
and health, as well as the intervention cost of the fire-fighting 
operations as it diminishes the need to use expensive wildfire 
suppression technology (e.g., helicopters).  

Well maintained heathlands provide firebreaks close to the 
WUI. The PB groups may read the topography, vegetation 
(fuels), proximity to surrounding settlements, infrastructure, 
weather (current and during previous days), to understand 
how fire may spread, and how to mitigate the fire disaster risk 
through controlled, low intensity burning [7].  
 
WUI-fire disaster risk addressed in the Municipal 
Risk and Vulnerability Analysis? 
The Civil Protection Act [12], states that each Norwegian 
municipalities shall perform a Risk and Vulnerability 
analysis, to be informed about, and prepared for, possible 
unwanted events. The first aim after identifying the hazards, 
is a conscious process of risk reduction, thereafter a 
contingency plan for handling the unavoidable rest- risk.  

WUI fire hazard threatening settlements is not a concern 
of the Norwegian municipalities, as mirrored in the publicly 
available Risk and Vulnerability Analyses. This hazard is 
much more understood in the countries who have led fatalities 
due to this type of fire incidents.  

 

  
 
Figure 2.  A wildland fire reached the settlement Mati, Attica, Greece, in 

storm winds, killing 102 persons summer 2018. Photo: 
Newsroom iefimerida.gr  

As climate becomes warmer, signs of concern may awake 
consciousness in Norway as well. The fire summer 2018, [13], 
when the Directorate for Civil Protection had to upgrade the 
Wildfire Helicopter fleet from 1 to 22, in periods all operating 
simultaneously, demonstrate the underlying risk. Effective 
population warning and evacuation practices, combined with 
low to moderate winds, allowing the use of helicopters for 
suppression, normalized the situation. However, it is 
favorable for the society to focus more on the preventive part 
of the DRMC, than the response part. Placing WUI fire 
disaster risk on the list of the municipal Risk and Vulnerability 

Analysis, will be a step towards effectively reducing it. Fire 
and Rescue Services who have experience with PB of 
heathlands may be a change-agent.  Resuming PB may be 
used as an exercise by the Fire and Rescue Services, in 
cooperation with other local resources, as the PB groups. This 
can improve their skills in wildfire management. Enhanced 
biodiversity, better views and sustainable food production are 
additional benefits [14]. 
 
Conclusion 
Reducing WUI fire disaster risk is an important, but perhaps 
not fully understood, duty of the Fire and Rescue Services, as 
well as the municipalities. A strategic selection of places to 
perform PB of heathland will be a suitable, long-term risk 
reducing measure. Besides that, the current small-scale 
treatment of the Norwegian heathlands through PB needs 
upscaling to effectively contribute to the environmental aim 
of preserving the remaining heathlands. The Fire and Rescue 
Services are in a key role, as competence provider to the PB 
groups, responders in case of escalation, and (possibly) 
mediators towards a municipal focus on the issue.  
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Abstract 
This paper presents an analysis of spatio-temporal 
distribution of fire occured in multi-storey residential 
buildings in Novi Sad, in the period from 2011-2013. The 
analysis includes basic indicators of frequency, time and 
place of fire occurrence in these buildings.  

Collected and analyzed statistical data was transformed in 
the fire hazard map by using QGIS, a free and open source 
Geographic Information System, which enabled futher 
research and more liable data as well as easy data sharing 
with authorities and residents. Based on these results, city 
areas with the most frequent fire events were identified and 
the Fire department was able to organize educational drills in 
targeted urban areas and buildings.  

 
Introduction 
Fire can take lives and destroy properties and buildings. 
Spatial temporal analysis using Geographic Information 
Systems could be an efficient tool in fire risk mapping, 
prevention and mitigation [1-7]. Potential fire hotspots 
could be predicted using modern technology in order to 
assist authorities to make decisions on fire disaster 
prevention and urban development planning.  

Developed GIS-supported model is tested as an 
integrated, dynamic and operational tool for spatial 
diagnosis, display and recommendation with regards to fire 
risk management. 
 
Data collecting methodology 
The Novi Sad City map was imported in QGIS and all the 
apartment buildings with recorded fire events were marked, 
each year separately (Fig. 1), with added attributes, which 
were the basic layer for every year: 

- Fire event address, 
- Number of evacuated persons, 
- Number of fire injured and fire deaths and 

- Type of equipment used for fire suppressing. 
 
Above the basic layer, 19 different layers were created to 
define all the aspects of each fire event, distributed in 
temporal or spatial group of attributes. 

The temporal attributes group consist of three 
subdivisions regarding the time fire occurred: time of day 
(night, morning, afternoon), day of week (working day and 
weekend) and season (spring, summer, autumn, winter). 

The spatial attributes group consists of two subdivisions 
based on the place in the building where the fire started 
(basement, ground floor, upper floors, roof and elevator) and 
based on the place in the apartment where the fire started 
(hall, kitchen, living room, bathroom and balcony). 

By overlapping different layers in accordance with the 
research interest it is possible to generate a number of spatial 
temporal fire distributions (e.g. fires in the kitchen, 3rd floor 
apartments, during afternoon on Wednesday in the summer).  
 
Fire hazard maps 
 

 
Figure 1.  Fires in apartment buildings in Novi Sad, 2013 
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During three years (2011-2013), in Novi Sad 2939 fires 
were recorded: 366 in multistorey apartment buildings 
(12.5%). The majority of fires started at upper floors (74%) 
and ground floor (24%), while a rather small number of fires 
occurred in the basement, roof or elevator.  

One of the reasons for an increased number of fires in 
the ground floor were electrical installations (distribution 
cabinet malfunction) or arson (advertising flyers were set on 
fire), as it was concluded after further analyses.  

Spatial fire distribution in 2013, based on the place 
where the fire started in the building, is shown in Figure 2 
and based on the place in the apartment is shown in the 
Figure 3.   

 
Figure 2.  Fire event distribution in buildings, 2013 

 
Figure 3.  Fire event distribution in apartments, 2013 

The most of the fires started in the kitchen (47%), as it 
could be seen in Fig. 3. Fires in the halls are increasing due 
to old and inadequately maintaned electrical instalations 
(diatribution board and fuses). Regarding the season in the 
year, most of the fires started in winter and spring (Fig. 4), 
more fires occured in working days than during weekends 
and in the afternoon and during the night. 

Fire event distribution in Novi Sad city area is 
complementary with population density, but also with the 
age of buildings.  

 
Figure 4.  Fire event distribution according to season, 2013 
 
Conclusions 
Spatial temporal analysis and GIS based interactive hazard 
maps and models are the starting point for in depth fire risk 
research, providing accurate and valuable information on 
hazards, vulnerability and support risk mitigation and 
management. 
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Abstract 
While fire prevalence in Denmark has decreased over the 
last decades, in the period of 2010-20181 the country still 
recorded over 58,000 building fires, including nearly 600 
fatal fires2. With the combination of new technology and 
historical fire data, there are more possibilities than ever to 
uncover the primary underlying causes of fire in order to 
prioritize resource distribution to areas with high fire 
vulnerability.  

There are still many unknown variables which may 
contribute to high fire risk. In combination with 
recommendations from a pilot study conducted in 2020, this 
nationwide study aims to incorporate predictive analyses and 
probability mapping in order to both uncover factors that 
contribute to fire prevalence as well as create a tool that can 
assist fire brigades in visualizing areas of high fire risk. 
These areas can be pinpointed for smoke alarm distribution 
and fire prevention education. 
 
Pilot Study in Aarhus, Denmark 

Beginning in August of 2019, the Danish Emergency 
Management Agency (DEMA) and the University of 
Copenhagen Department of Geoscience and Natural 
Resource Management conducted a cooperative pilot study 
in the form of a master’s thesis internship. The goal of this 
study was to create a reproducible methodology for 
predicting fire risk by analyzing the relationships between 
residential fire prevalence and socio-demographic data in 
Aarhus, Denmark between the years of 2016-2019. The 
primary method in this study was logistic regression, with 
historical fire incident data as the dependent variable and 
carefully selected socio-demographic data as the independent 
variables. The results of this project foreshadow the 
subsequent nationwide study being conducted in 2020-2021. 

 
Nationwide Study for all of Denmark 

The nationwide study will follow a similar course to the 
pilot project, though there are key differences. The 
nationwide study will incorporate a wider range of variables 
(e.g. demographic, property/building, weather, etc.) over a 
larger study area (the whole of Denmark). Furthermore, 
more advanced machine learning algorithms will be 

introduced. They have the potential to boost the current 
performance, because they can uncover nonlinear effects that 
influence fire risk. Finally, the results from the predictive 
models will be used to create a fire probability visualization 
tool that will be disseminated to the municipal fire brigades 
to assist in decision making and resource prioritization. The 
expert knowledge of both DEMA and the municipal fire 
brigades will be incorporated in each step of the design 
process to ensure the utility and applicability of the tool. 

 

 
Figure 1.  Map of fire probability in Aarhus, Denmark 

Results 
The pilot study showed that the following socio-

demographic variables, in order of most influential to least 
influential, have a significant relationship with fire 
prevalence: low education and living alone (positive 
relationship), and income (negative relationship). To assess 
the predictive capability of the model, the data was split into 
training and testing datasets. The combination of these 
validation results and an Area Under the Curve of 0.74 led to 
the conclusion that this model can reasonably predict 
residential fire prevalence. Therefore, a probability map 
(Figure 1) was created to visualize the outcome of the 
logistic regression. Results from the nationwide study will be 
presented at Nordic Fire and Safety Days.  
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Abstract 
The current study presents data on the travel speed of 
children in an indoor playground. Travel speeds on 6 
stations were measured using 27 cameras. The participants 
were in the age group 4 to 11. It was found that the slope 
and the design of the play structure affects the travel speed. 
Transparent design of play structures decreases the travel 
speed. The youngest children were more sensitive to the 
design. There is a big difference between the travel speeds 
across the age groups. Horizontal movements suggested in 
literature were not seen to be conservative with respect to 
the movement in indoor playgrounds. 

 
Introduction 
There have been incidents on playgrounds. The causes for 
documented fires in indoor playgrounds can be subdivided 
in [1] external causes, such as fire in joint buildings or work 
on roofs, as well as internal causes such as fire in deep 
fryers, ovens and machines in the indoor playground. Since 
indoor playground contains combustible material, the 
potential for a major incident can be assumed to be present. 
A study on indoor playgrounds [2] showed that children's 
behaviour during escape is not taken into account when 
planning. Furthermore, it was found that the effect of the 
interior (both material properties, physical position in the 
room and geometry) on the escape routes and escape time is 
not considered when planning.  
Travel speeds have been measured for children aged 0-16  
presenting data with a mean ranging from 0,6 m/s to 2,2 m/s 
on horizontal plane and 0,34 to 1,93 m/s on staircases 
downwards [3-8] . The staff-to-child ratio in day-care 
centres and the self-preservation capabilities of children 
have been discussed [9]. Data is needed for the prediction of 
the evacuation of children from indoor playgrounds. The 
current study delivers such data. 
 
Method 
The travel speed experiment was conducted in an indoor 
playground (Figure 1). Due to Corona, the number of 
participants was limited to 14 children at the age from 4-11 
years. The experiment followed the DTU’s ethical codex 
[10]. The movement speeds were measured at 6 stations 
using 27 cameras.  

  
Results and Discussion 
Travel speeds on 6 stations, are presented in Figure 2. The 
figure shows the data for ages 4,6,8,9,10 and 11. Travel speeds 
for upwards- and downwards movement are presented.  There 
is a large spread withing the age groups. This is due to the 
different types of equipment, but also due to the varying type 
of movement which the children chose to use during the 
experiment.  
Transparency of the structures affected the travel speed. In 
many cases the children were more cautious and insecure 
when passing through a see-through structure. This was 
observed in the horizontal net, slope net and the cylinder. 
This confirms the observations seen on see-through 
staircases [4]. The lowest travel speeds were observed in the 
cylinder, a structure in many levels, made of elastic bands 
which the children had to climb. This made it difficult for 
the children to move around in the cylinder. The results 
when going up this play structure resulted in an average 
travel speed of 0.06 m/s and when [11] going down the 
result was 0.24 m/s.  
The travel speed of the youngest children appeared to be 
most sensitive to the design and were hence slower than the 
data in horizontal plane from literature. The Horizontal net 
and the Curved mats, showed results where the travel speed 
of younger children seems to be affected by the complexity 
of the design of play structure.  
The highest travel speed was seen for age 11 (1.1 m/s) and 
the lowest for age group 4 (0.4 m/s). The difference in travel 
speed between the oldest and the youngest children supports 
the theory of the basic locomotion development [3, 7] .  
 

 
Figure 1: Overview over the playground 
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Figure 2: travel speeds in 6 different stations 

Conclusion 
The current study presents data on the travel speed of 
children age 4-11, in indoor playgrounds. The study has the 
following findings. The slope and the design of the play 
structure affects the travel speed:  
o Upward going slopes reduce the travel speed in most, 

but not all play structures. 
o Transparent design of play structures decreases the 

travel speed and makes the children insecure. 
The type of movement affects the travel speed. The design 
impacts the youngest children more. There is a big 
difference between the travel speeds across the age groups. 
This is important to consider when dimensioning travel 
speed of indoor playgrounds, depending on the main target 
group for the specific indoor playground. 
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Abstracts 
In 2019 Denmark saw a historically low number of fatal 
fires, which supports the positive downward trend of the last 
decades where the incidence has declined from 1,43 
cases/100.000 inhabitants in 1983-1992 to 1,16 in 2010-2019 
However, there were still 65 fire deaths on average annually 
from 2010-20191. Approximately 94% of these are fire 
accidents2 and therefore within the scope of prevention 
efforts by fire brigades, the state emergency agency and 
other public services. The local fire brigades are legally 
required to do technical prevention e.g. fire inspections. For 
example they ensure that nursing homes are safe with 
regards to fire alarm systems, emergency exits and fire 
doors. But the citizen-oriented or “soft” fire prevention 
efforts are not a legal requirement, which brings about a 
large variation in the amount of resources the fire brigades 
spend in this area.  

This study examines the citizen-oriented fire prevention 
efforts in local municipal fire brigades of Denmark with a 
special focus on efforts targeted towards vulnerable citizens 
– people with a heightened risk of a fire in their homes 
causing serious or even fatal injuries. With the use of a 
survey among fire brigades and four qualitative case studies, 
the study aims to describe conditions that make citizen-
oriented collaborative fire prevention efforts successful 
between fire brigades and external actors.  

 
Methodology and data 
First, a short survey was sent by email to all local municipal 
fire brigades in Denmark. The fire brigades were asked about 
their citizen-oriented fire prevention efforts within recent 
years (2018-2020), efforts specifically targeted towards 
vulnerable groups, external partner organizations in the 
prevention efforts, and the perceived results and effects of 
the efforts. 23 of 26 fire brigades responded.  
 Second, four prevention efforts were selected to be more 
thoroughly examined in qualitative case studies. The cases 
all were targeted towards groups that are vulnerable in ways 
that can indicate an increased risk of fire injury or death: 
living alone, smoking, being physically or cognitively 
disabled, having a mental illness or an addiction, being 50+ 
years of age and finally, having in-house care. The efforts 

were chosen to have variation with regards to the content of 
the efforts and the type of external partner organization.  
 The cases were described using data from interviews 
with representatives from the fire brigade and one or more 
external partners. 
 
Chosen cases 
The table below displays the four selected projects regarding 
their content, the organization type of the collaborator and 
target group. Fire brigades were involved in all efforts. 
 
Case Content Collaboration Target group 
1 Smoke Alarm Patrol Prevention 

network 
Local scouts 
Health and social 
services 
TrygFonden 

Elderly people 
living alone 

2 Smoke alarm effort 
 
Smoke alarms from 
TrygFonden 

Housing 
association 
 

Vulnerable 
groups without 
contact to 
authorities 

3 Fire prevention 
through “visiting 
friends” 

Local aid 
organizations 

Vulnerable 
people living 
alone 

4 Mobile automatic 
fire alarm systems 

Healthcare 
service 
department 
Alarm net 
company 
Electronic 
company 
DEMA 
TrygFonden 

People with 
high risk from 
physical health 

Table 1.  Overview of cases in project. 

The table shows that the cases cover technical interventions 
of varying costs (smoke alarms and mobile automatic fire 
alarm systems), educational efforts and cooperation with 
volunteers. Specifically regarding health care professionals it 
was initially the plan to include a fifth type of case project, 
where local healthcare services were educated on fire safety 
and therefore able to screen their patients and increase the 
fire safety with help from the fire brigade. Multiple fire 
brigades have had collaborative projects with the local in-
home healthcare services. However, most of these projects 
were not eligible to be part of the case study, either because 

BOOK OF ABSTRACTS Nordic Fire and Safety Days 2021

59

mailto:brs-vit@brs.dk


of the inability to find a consistent interviewe over the course 
of the project, or because the projects had not been sustained 
because of a prioritization change, personnel change or other 
reasons. 
 
 
Tentative results 
Data collection and analysis are still in progress therefore the 
results so far are tentative. Access to the target group is key, 
as those groups with the highest fire risk can also be difficult 
to reach through broad communication campaigns on fire 
safety.  The scope of the effort and the resources it requires 
varies in the selected cases, but for long-term efforts the 
motivation and prioritization in particular need to be equally 
strong inboth the fire brigade and the collaborator e.g. local 
healthcare services. The effort needs to fit in their existing 
workload and daily work structure. The external 
collaborators need knowledge on fire risk and prevention to 
be sufficient for the purpose and scope of the effort. The 
provision of smoke alarms being free of cost for both fire 
brigades and collaborators is very helpful.  
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Background 
Firefighting is a profession with multiple hazards, such as 

heat exposure and falling parts, but also factors that in recent 

years have gained increasingly more attention, such as 

penetration of potentially carcinogenic smoke and particles 

through protective clothing. Methods are now being 

developed for documenting the particle blocking ability of 

both fabric layers and firefighting clothing items, through 

fabrics and openings while wearing the clothes in actual fire 

smoke, as presented by Storesund and Mikalsen [1]. The aim 

is to provide representative, realistic and repeatable test 

methods that enable small-scale screening of smoke and 

particle penetration capabilities of textiles, as well as 

medium-scale screening of clothing performance. The results 

will be beneficial for the industrial development of improved 

protective clothing and thus, beneficial for the fire and rescue 

service.  
In the previous study [1] a fuel composition of wood, PVC 

and foam was chosen to produce a simplified smoke 
representative to that found in a domestic fire scenario. 
Characterization of the smoke from the fire is important for 
investigating the repeatability between test parallels, as well 
as to investigate the scalability between small- and large-scale 
smoke exposure. This will create a common basis for 
comparability of the results. A key result from the previous 
study was a recommendation for further development of the 
fuel, to make it more homogeneous, for example by grinding 
and mixing the three different components. The authors 
hypothesize that a more uniform fuel distribution will enable 
a more uniform, predictable, scalable and reproducible smoke 
production. However, literature on the topic is scarce, and no 
literature has been found that enable a study of the validity of 
this claim. This is the goal of the current study.  

 

Development of Standardized Fuel 
The fuel used in this study consisted of spruce wood (as 

specified in FM 5560-20167 [2]), non-fire retardant flexible 

polyurethane foam of the type specified in IMO Res. 

MSC:265(84) [3] (density approximately 33 kg/m3), and 

rigid PVC (of the type used in sewage pipes), as applied in 

the previous study [1]. Standardized fuel materials were 

chosen to increase repeatability and reproducibility of the 

tests. Wooden cubes were made using spruce battens, the 

surface of which were smoothed with a circular saw and then 

cut using a metal band saw to cubes of three sizes, sides 

measuring 5 ± 0.4 mm, 7 ± 0.3 mm, 10 ± 0.5 mm. PVC cubes 

were also made using a metal band saw, and cut into cubes of 

three sizes, side lengths 5 ± 0.1 mm, 7 ± 0.2 mm, 10 ± 

0.2 mm. The height of all PVC cubes was 3 ± 0.1 mm. A foam 

mat (originally 800 × 2000 × 100 mm) was cut into cubes of 

three sizes, sides measuring 5 ± 0.8 mm, 7 ± 0.8 mm, 10 ± 

1 mm using a handsaw and scissors. Photos of the fuel are 

shown in Figure 1. All fuel types were stored in open plastic 

boxes in a climatic chambre with a relative humidity of 50 ± 

5 %, and a temperature of 23 ± 2 °C.  

 

 
Figure 1: Photos of the fuel. The previous fuel specimen set-up (left) as 

presented by Storesund and Mikalsen [1], photo reused with permission. 

The modified fuel, with three different sizes cubes of wood, PVC and foam 

(centre). The new fuel specimen set-up (right) here illustrated with only 

one type of fuel in the specimen holder. 

A purpose-built "smoke exposure tunnel" connected to the 
exhaust duct of a cone calorimeter (ISO 5660-1) will be used 
for the small-scale smoke exposure of textiles for firefighters’ 
clothing, as shown in the previous study [1]. Medium-scale 
screening test methods are under development in another 
project (HERO, funded by the Norwegian Research Council). 
These will basically consist of a room filled with smoke 
generated from the standardized fuel developed in the current 
study. In this room a test subject will be exposed to this smoke 
while conducting a simulated extinguishing routine in 
firefighter clothing. In the current study, the effect of fuel 
structure in terms of cube size and relative composition of 
foam, wood and PVC on smoke characteristics, ignition and 
fire spread behaviour will be studied. 

The aim of the tests is to develop a standardized fuel for 
smoke exposure testing by mixing the materials and sizes. 
Expected results, that will be presented in the final paper, will 
include visual observations, observed time to ignition, peak 
heat release rate (HRRmax), mass loss rate (MLR), total heat 
release (THR) and smoke production rate (SPR). An 
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evaluation will be given on the best suited fuel composition 
and structure for a uniform, predictable, scalable, repeatable 
and reproducible smoke production across scales. 

With a better understanding of how a variation of fuel 
parameters affect the smoke, ignition and fire spread 
behaviour, the large-scale experiments can be further 
developed to enable improvement of firefighters’ protective 
clothing. 

 
Acknowledgements 
The work has been conducted as part of the Fire Research and 

Innovation Centre (FRIC), which is funded by the Research 

Council of Norway (program BRANNSIKKERHET, project 

number 294649) and FRIC partners.  

 

References 
[1] K. Storesund and R. F. Mikalsen, ‘Evaluating particle 

and gas transmission through firefighters’ clothing’, 

presented at the 15th international conference, Interflam 

2019, London, UK, 1-3th July 2019, Windsor, UK, p. 

12. 

[2] ‘FM 5560 Approval standard for water mist systems, 

April 2016 edition’. FM Approvals, Apr. 2016. 

[3] ‘IMO Res. MSC.265(84) Annex 14 Amendments to the 

revised guidelines for approval of sprinkler systems 

equivalent to that referred to in SOLAS regulation II-

2/12 (Resolution A.800(19))’. International Maritime 

Organization, 2008. 

 

BOOK OF ABSTRACTS Nordic Fire and Safety Days 2021

62



Energy storage, energy production and SMART 

technology in buildings 
 

  

Cristina Sanfeliu Meliá1, Reidar Stølen1, Ragni F. Mikalsen1, Edvard Aamodt1, Anne Steen-Hansen1,2, Tian Li1 

1) RISE Fire Research, Trondheim, Norway, cristina.melia@risefr.no 

2) Norwegian University of Science and Technology NTNU, Trondheim, Norway 
 

Keywords: Energy, smart buildings, fire hazards, risk assessment, 

fire safety 

 

Abstract 
Modern buildings are being built with increasingly complex 

technical installations and energy systems. The introduction 

of renewable energy production, like photovoltaic (PV) 

panels on building roofs and facades and an increasing 

number of connected electric appliances, changes the way the 

electric power is distributed from production to end-user. The 

difference in production and demand for energy over time 

also gives incentives for installing energy storage systems. 

Electric energy can be stored in batteries, transferred into 

hydrogen gas via electrolysis or stored as thermal energy for 

use later.  The current work presents an overview of an 

ongoing study in the Fire Research and Innovation Centre 

(FRIC) [1], on fire safety implications related to 

implementing new technology for energy storage and 

production. The focus is on the built environment such as 

dwellings and office buildings situated in the Nordic 

countries. This study builds on previous studies of related 

topics [2-4].  

 

The effect of performance-based building regulations on 

fire safety of photovoltaic installations 

The use of PV systems on buildings introduces new 

challenges for fire safety. Electric connections in PVs can be 

ignition sources [2] and cavities between the PV module and 

the building may trap heat, potentially giving higher fire 

temperatures and faster fire spread [5]. PV systems represent 

a physical barrier between the fire service and the buildings, 

which may be a challenge for firefighting efforts. Solutions 

for improved fire safety may include sectioning, reaction to 

fire properties of underlying materials, and studies to further 

understand the fire dynamics.  

 

In Norway, no specific regulation governs all aspects of PV 

installations in buildings. Depending on the application and 

type of PV system, different building- and electrotechnical 

regulations apply. Currently, FRIC is studying the effect of 

performance-based building regulations on fire safety of PV 

installations, which will lead to more in-depth knowledge on 

how fire safety aspects should be implemented in the building 

and PV design. The results from this work will be presented.  

 

 

New challenges for fire safety in buildings 

A mapping of existing energy storage and energy production 

technologies that can be applied in buildings and fire risks 

associated with them and safety measures have been studied. 

 

Different types of energy storage and energy production 

technologies can be implemented in buildings. Possible 

sources of energy for buildings can be solar radiation, wind, 

biomass, liquid fuel from fossil or renewable sources, or a 

combination of these. Their implementation in buildings 

introduce risks related to ignition sources, combustibility and 

toxicity of the materials, and contributions to flame and fire 

propagation. Also, they may present challenges for 

firefighters’ ability to gain access to the building and their 

extinguishing efforts.  

 

Energy storage systems conserve energy excess from 

production, to assure the continuity of the energy supply and 

to improve the reliability of the systems. The forms of stored 

energy that are best suited to small scale solutions are 

chemical and thermal energy. For example, the use of 

batteries, compressed hydrogen, and the storage of thermal 

energy in hot water or phase-changing materials. When used 

as energy storage solutions for dwellings, these systems are 

often integrated into the energy system of the building and 

should be located safely, as they may come into contact with 

sources of ignition. An electric fire or an external fire directly 

affecting the systems are examples of ignition sources. 

Hazards associated with batteries are associated with thermal 

runaway, including venting and fire- and explosion hazard. 

For pressurized hydrogen storage, hazards include a potential 

release of flammable- or explosive gases. Meanwhile, for 

phase change materials, fire safety and human health hazards 

are mainly linked to the introduction of flammable or toxic 

materials, as these may consist of organic materials such as 

paraffin.  

 

The role of SMART technology 

Smart technology in this study is defined as units that can 

receive input from sensors or other sources of information, 

make some type of analysis, and can give output based on this 

analysis. In this study, we have focsed on how smart 

technology is integrated into building, and on how the 

introduction of this technology may give new options for 

improving fire safety. An example is that it may allow early 

detection of electrical faults, as well as reduction and control 
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of system malfunctions. Smart technology is also closely 

related to “Internet of things” (IoT) solutions, which may also 

give new options for fire protection of buildings and people.  

 

However, integration between different systems increases 

complication of the overall system, which in turn leads to 

more potential for failure. It may also increase the difficulty 

in operation and maintenance and increases the dependency 

on reliable internet, network and power connections.  

 
Methodology for evaluating impact on fire safety.  

Currently, work is ongoing to survey in detail how selected 

energy systems and smart technology in combination  may 

affect fire safety in buildings. These detailed analyses will be 

utilized to provide a methodology for evaluating how 

different smart technologies, energy storage and production 

systems can impact fire safety in the built environment. The 

aim is a unified framework that will enable fire safety 

engineers, building owners, architects, authorities, and 

product suppliers to evaluate and compare not only the costs 

but also positive and negative fire safety related aspects of 

systems. The methodology will be pilot tested with the 

partners in FRIC.  
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Abstract 
Lithium Ion batteries (LIBs) are used as stationary energy 
storage in buildings as a part of the energy system. LIBs and 
smart energy monitoring units ensure enhanced profitability 
of photovoltaic (PV) installations since more of the 
produced electricity is used in the building and less is 
delivered to the energy grid. 

The fire hazard of LIB installations is a concern that has 
limited the use of LIB in buildings. Norwegian guidelines on 
battery systems for dwellings were published in November 
2020, but there is a lack of similar guidelines for other 
building categories. 

This research investigates how functional requirements 
in the Norwegian building code, and the lack of detailed 
guidance documents and norms have affected the fire safety 
of buildings with LIB energy storage. The results indicate 
that the decisive factor for the fire safety is the knowledge 
levels of the involved stakeholders. There is also 
disagreement among stakeholders on the fire safety of 
second life batteries for stationary energy storage. 
 
Introduction 
Traditionally, batteries for energy storage have been installed 
in off grid buildings with PV installations (e.g. mountain 
cabins) and in industrial buildings, to ensure electricity supply 
in case of power failure. Market success for sustainable 
buildings with PV installations and smart energy management 
systems is opening a new market for LIBs as stationary energy 
storage in residential and commercial buildings. 

Some examples of Norwegian buildings with LIB energy 
storage are the sport arenas Bislett [1] and Skagerak Arena [2], 
apartments in Bergen [3] and a single family house[4]. Low 
electricity prices in Norway and high investment costs for 
LIBs have limited the use of LIB [5].  
 Dwellings are invoiced for the number of kWh spent at the 
current market price, but commercial buildings are invoiced 
with cost per kWh set at the time of their maximum power 
demand which is substantially higher than fluctuating market 
prices. Thus, PV installation and peak power shaving from 
electricity storage in LIB, increase the cost effectiveness 
compared to residential buildings. Norwegian commercial 

building owners have still been reluctant to install LIB energy 
storage systems due to concerns on fire safety.  
 This research investigates the fire safety of LIB as energy 
storage in buildings based on a study of the current situation 
in Norway. The objective is to identify fire safety market 
barriers for LIBs and possible ways to overcome the barriers. 
 
Fire properties of Lithium Ion Batteries 
Internal shortcuts, chemical misfunctions or failure in the 
Battery Management System (BMS) may lead to self-ignition 
of LIBs [6,7]. The risk for internal fire-start in battery cells for 
LIBs in electric vehicles and for stationary energy storage is 
extremely low [8], one out of 10 millions [6,7]. External 
factors such as mechanical damage and overcharging can also 
cause fire start [6,7].  
 But the consequence in case of fire can be severe. Jet 
flames, thermal runaway and toxic smoke gasses are typical 
for LIB fires [6,7,9]. The fire is self-supplied with oxygen and 
thus fire extinguishment is difficult. Large amounts of water 
will cool down the battery, but the battery cells are 
encapsulated, and water may not penetrate the coverage to 
reach the fire source [9,10]  
 Risk assessment of fire involving LIB in a building is a 
product of the two factors probability and consequence. The 
probability of a LIB fire is low, but the consequences can be 
severe. It is thus necessary for fire safety actions to limit 
impacts of LIB fire on the building, occupants and rescue 
service [8]. 
 
Norwegian regulations for LIB in buildings 
The Norwegian Building Code is performance-based and sets 
functional requirements [11]. Technical installations, such as 
LIB installations, shall not have a negative impact on the fire 
safety of the building. The companies responsible for building 
design and construction is responsible to provide documentary 
evidence of the fire safety. To date there are no specific 
requirements for battery installations in the building code. 
 Guidelines are given on design of battery rooms in 
industrial buildings [12] and on LIB installation in residential 
Buildings [8]. There is also a national norm NEK 400:2018 on 
electrical low voltage installations also including fire safety of 
battery installations. 
 
Research methods 
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This study investigates the fire safety of LIB installation in 
Norwegian buildings based on findings from: 
1. A literature review of scientific articles, norms and 

regulations. 
2. Interviews per e-mail of the following stakeholders: 

2 battery suppliers and installers , 1 fire safety consultant, 
3 building developers and owners, 2 representatives from 
authorities , 1 fire rescue representative 

3. Case studies of buildings with LIB energy storage 
 
Preliminary findings 
 
The Interviews- and case studies are research in progress January-
March 2021. Further results, discussions and conclusion will be 
included in the full paper to be submitted in April. 
 
Functional requirements and stakeholder knowledge 
In 2019 a manufacturer of second life LIB stated that their 
batteries were very safe and "can be installed anywhere in the 
dwelling" [3].  
When asked about battery fire safety one installer answered 
that it was the manufacturers responsibility to comply with 
protocols, but the installer himself had no knowledge on what 
norms/standards the batteries should fulfil. Regarding 
installation, they now follow guidelines from NELFO [8]. 
The newly published NELFO guidelines give 
recommendations on installing LIB in technical rooms or 
separate fire compartments like garages. This 
recommendation is in contradiction with the statement from 
the battery manufacturer made in 2019. When no codes, 
norms or guidelines exist, the knowledge of stakeholders 
involved are decisive for the choices made. For the situation 
of LIB in residential buildings before November 2020 this 
may have resulted in mounting of LIB in rooms of the 
dwelling that are not fire safe, leading to a negative impact on 
the buildings fire safety. 
 
Building category 
A maximum battery size of 14 kWh is recommended for 
dwellings. The limit is set based on calculations of a 
maximum amount of 120 l toxic gasses released during LIB 
fire. The corresponding volume of toxic gasses from a battery 
pack of 80 kWh and 350 V is 460 l [8]. Commercial buildings 
require battery packs of a substantial size to be an effective 
part of the energy system. The energy storage capacity at 
Bislett stadium is 109 kWh [1] and 1000 kWh at Skagerak 
Arena [2]. 
 Installation procedures for the electric installation of LIB 
is defined in norms such as NEK 400:2018. But there are no 
guidelines describing design of battery rooms in buildings that 
include necessary passive and active fire protection systems 
like fire resistant constructions, ventilation system, fire 
detection or alarm system. For industrial and marine purposes 
such guidelines exist [12,13].  For buildings, however, the 
design of battery rooms and documentation of fire safety will 
depend on the knowledge of the stakeholders involved.  
 
Second life batteries 
Used EV batteries can be reused as stationary energy 
storage in buildings [1,3,4,14]. A search on the Norwegian 

marketplace Finn.no 8.1.2021 showed several EV batteries 
for sale also for/from non-professionals: 11 ads were from 
private persons, 2 from car demolition companies that 
offered a wide range of batteries and one company marketed 
a battery system for dwellings based on reuse of battery 
cells from EV. There are several more such companies in 
Norway offering second life batteries for energy storage in 
buildings. 

H Melin et al [14] found that the performance of 
used battery cells depends on factors such as charging 
history, temperature exposure and mechanical loads. 
NELFO guidelines [8] state that second life batteries should 
not be installed in dwellings. This is in contradiction with 
the actual situation in the market for reuse of EV batteries 
and EV battery cells. 
 
Preliminary conclusions 
There is a need for more guidelines on:  
- fire safety assessment for LIB as energy storage system in 
buildings 
- specification of performance criteria/norms for LIB as 
energy storage 
- design criteria of battery rooms for larger LIB battery packs 
in buildings 
- performance requirements for second life batteries  
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In this abstract, we present a case study on how an 
underground garage was retrofitted with charging stations, 
whilst ensuring that the changing level of safety of occupants 
and fire fighters – due to the changed fuel load – remained at 
an acceptable level. 
 
History 
Electric vehicles are often seen as a recent history when 
they are in fact among the earliest automobiles and therefore 
are an older technology. In 1835, the first electric vehicle 
was built, a small-scale electric car. Given that the first 
combustion engine driven vehicle was built in 1808, this 
makes our history with electric vehicles almost as long as 
we have with combustion engines. 

The main difference in experience between these two is 
not so much the propulsion technology (which evolved to a 
more efficient transfer of potential energy to kinetic energy) 
but the main differences with regards to fire safety came with 
the evolution of the energy source of this technology. With the 
changing times came changes in fuels, but in rough terms, the 
energy density of the fuel in combustion engines has not 
changed dramatically over the years, whereas battery 
technology, used for electric vehicles, has seen a 
revolutionizing progress these last few decades. 

The 1980’s saw the invention of the lithium-ion 
technology, enabling electric vehicles to drive longer 
distances between charging. This made the electric vehicle re-
emerge as an alternative for the long-term unsustainable 
combustion engine driven vehicles. 
 
Fire safety and electric vehicles 
The biggest issue related to fire safety with electric vehicles, 
compared to the standard combustion engine vehicle, is the 
different behavior of lithium-ion batteries compared to 
gasoline or diesel when caught on fire. 

The different behavior manifests itself through: 
- Easier ignition with little or no warning signs 

due to the inherent problem with lithium-ion 
batteries to spiral to a thermal runaway, 
especially when damaged. [1] 

- The generation and buildup of toxic and 
potential harmful gasses, such as hydrogen 
fluoride. [2] 

- The problems related to re-ignition of the 
vehicle after the fire has been put out. [3] 

These risks are well known and documented, and some 
studies show that the perceived risks may be not as dramatic 
as they seem [4]. 
 
Changes in legislation 
Safety related legislation is on its way to tackle the above 
risks since battery technology and electric vehicles are part 
of a sustainable vision of the future. Considerable effort is 
therefore being taken to incentivize people to buy and use 
electric vehicles. 

New safety legislation works on two aspects: the inherent 
safety of the design, in which international legislation has 
been proposed by UNECE, the United Nations in Geneva. The 
EU has pledged to incorporate this legislation into European 
legislation. [5] 

The other aspect is the safety of the surroundings in which 
electric vehicles move. A Swedish approach has been taken 
to, for the most part, assess electric vehicles as normal road 
vehicles, but is under revision. 

Whilst this approach works for most scenarios in an 
outdoor setting, the rescue services in Stockholm have written 
recommendations for the implementation of charging stations 
(and therefore allowing electric vehicles on the premises). 
This is not legislation per se, but the guidelines carry heavy 
weight in the design process and need to be incorporated in 
the design. 

 
The case study 
Briab had been contacted by a housing cooperation to assess 
the installation of charging stations in their existing garage. 
The garage is situated underneath the inner courtyard of the 
building and is an entirely enclosed space, ventilated by a 
separate ventilation system and closed off with a roll-up 
gate. 

The garage had not been fitted with fire and smoke 
ventilation, as the garage was built at the same time as the rest 
of the building complex in the 60’s, and there was as such no 
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requirement from the legislation [6]. The construction is built 
out of reinforced concrete. 

Retrofitting charging stations in an enclosed existing 
garage poses some interesting questions. Before Briab was 
contacted, a communication was started with the local rescue 
services. They pointed out the risks as described above with 
electric vehicles and charging stations; and requested that 
actions would be taken to ensure that a safe rescue operation 
is possible. 

The guidelines written by the SSBF – StorStockholms 
BrandFörsvar translates to the bullet points below: 

1. The space shall be well-ventilated; 
2. The charging stations shall be close to the access 

routes, to ensure an easy way of attack and an 
easy moving of the vehicle carcass out of the 
garage; 

3. The charging stations shall be located far from 
ventilation inlets to other buildings or spaces; 

4. The charging stations shall be close to a fire 
hydrant; 

5. The charging stations shall be located so that a 
fire in one vehicle does not easily spread to 
another vehicle; 

6. The charging stations shall be indicated and the 
garage shall have an operational plan. 

 
Ventilation - a solution 
At this point, Briab was contacted to interpret these rules 
and to make sure charging stations could be installed in the 
building. 

The first point indicates the need for a fire and smoke 
ventilation. This was something the housing cooperation had 
been planning to install for some time. 

According to the current legislation, such ventilation 
should consist of hatches of which the total combined area 
would go up to 0,5% of the total garage net area. In the case 
of the example, this would mean 10 square meters of hatches, 
divided over 10 points in the garage. 

Retrofitting hatches was economically not a viable option. 
Briab recommended therefore to install mechanical fans (at 
least 2 to ensure robustness) which would fulfill the same 
function – make a firefighting attack possible with minimal 
risks for the firefighters. 

Simulations were performed in FDS 6.6.0, comparing two 
scenarios – one is of a fire happening in a garage with hatches, 
one of a fire happening in a garage with mechanical fire and 
smoke ventilation. Several fire locations have been simulated, 
with different flow rates of the mechanical ventilation system. 
The assessed properties of the simulation were toxicity and 
visibility in the smoke, as per BBRAD 3 [7]. 

The results were that with a flow rate of 10 m³/s, a similar 
situation arose as with hatches – with one major difference 
favoring a system with mechanical ventilation: no smoke was 
exiting through the entrance gate, used as an entry air opening 
and will be used as the entry point for firefighters. 

 
Figure 1.  A comparison of the visibility at 2m height at 600 seconds after 

a fire started between the fire and smoke ventilation system 
with hatches (left) and the mechanical ventilation system 
(right). The colour coding indicates that there are no major 
differences – except for the clear path of attack for the rescue 
services. 

This finding allowed to define point 2 in the guidelines: 
the charging stations were placed in the upper first quadrant 
of the garage, close to the entry gate. 

Not only did this make a firefighting attack easier, but it 
also allowed for an easy extraction of the vehicle carcass as 
well as allowed the ventilation system work at its highest 
efficiency, because a fire would be happening in a direct path 
between entry and exhaust. 

 
Figure 2.  The placement of the charging stations in the upper first 

quadrant (red rectangle) is in the direct path (blue arrow) 
between entry and exhaust for the mechanical ventilation 
system. 

Points 3 to 4 were found to already be fulfilled by the 
existing ventilation system and existing hydrant system. 

Point 5 could be fulfilled by spreading out the charging 
stations in the 500 m² which made up the upper first quadrant. 

Briab also helped produce an operational plan, and in so 
doing the housing cooperation fulfilled point 6. 

 
Effects on structures 
When presenting the study, another question presented itself 
– how will the buildings existing structure handle the 
changed fuel load and can this affect the roof of the garage? 

Briab had already produced the CFD model for the garage 
and could easily simulate a fully developed fire in the model. 
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This data was then used and fed into COMSOL Multiphysics  
to assess how the reinforced concrete would behave during the 
fire. It is well known that heated concrete starts spalling from 
an exposure from higher temperatures  With the conservative 
assumption that explosive spalling starts as soon as the 
temperature reaches the lower value of the critical spalling 
temperature span [8], it could be calculated that the 
reinforcement bars were located sufficiently deep to ensure 
the roof of the garage would not collapse for 90 minutes, even 
with the changed fuel load. To account for loss of insulating 
concrete due to the spalling, calculations were conducted 
stepwise for the different phases of the fire. Spalled layers 
where were excluded after the initial growth phase.  

 
Figure 3.  An example of how spalling can be accounted for. In the 

model of the structural element, areas which are assumed to 
have spalled away are discounted from the calculations (white 
area). 

 
Robustness of the solution 
In every instance where a safety system is dependent on the 
functioning of other systems, it is paramount that a 
robustness analysis is performed to ensure that failure of one 
system does not lead to catastrophic failure in the other 
safety systems, leading to an overall unsafe system. 

In the example case with the garage, this means that the 
ventilation system has been analyzed on its performance if one 
of the components would fail. The conclusion is that – whilst 
the performance of the ventilation system would not be as 
good as intended – the system with two independent fans 
performs as it should, ensuring the continuous evacuation of 
hot smoke and therefore reducing the load on the structural 
elements. 

 
Conclusion 
The legislation which is slowly coming forward because of 
the evolution towards electric vehicles still has a long way 
to go. The guidelines, produced by SSBF, form a valuable 
addition and a good inspiration for how these regulations 
could look like. 

Important is that these regulations allow for a large 
freedom in analytical design. A lot of installations of charging 
stations happen in existing structures which do not always 
allow for major changes like retrofitting ventilation, or with 
structural elements which are not easily analyzed. 

FDS and COMSOL are valuable tools which help the 
engineers, the authorities, and the clients to make informed 
decisions along the way.  

A safe retrofitting of charging stations is possible but it is 
important to keep in mind that retrofitting can have 
consequences on systems which at first glance may seem 
completely unrelated (such as fire and smoke ventilation and 
structural stability). 
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