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Preface

It is our pleasure to hand over to you this book of abstracts for the Nordic Fire &
Safety Days 2022 organized by RISE, Research Institutes of Sweden in collaboration
with Lund University, the Technical University of Denmark, Norwegian University
of Science and Technology, University of Stavanger, Western Norway University
of Applied Sciences, Luled University of Technology and Iceland University as well
as VTT Technical Research Centre of Finland Ltd, the Danish Institute of Fire and
Security Technology and Aalborg University in Copenhagen. The book of abstracts the
Nordic Fire & Safety Days 2022 contains 63 Nordic and international contributions.
As in the previous years, the work presented at the conference has strong scientific
and societal relevance. The areas of fire and safety engineering presented have are of
great interest in the Nordic countries. The NFSD follow up on challenges with respect
to safety dealing with aspects of energy, biomaterials as wood, fire and actions of the
rescue service as well as human behaviour and risk management. This year’s keynotes
and panel discussions deal with energy related topics, namely Safety of timber building
s and safe green energy.

Anne Dederichs, RISE Research Institutes of Sweden (conference chair)
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Keywords: (5 key words) there has been a worldwide movement to replace prescriptive
Nordic Fire and Safety Days, NFSD, Nordic Fire and Safety building codes with ones based on performance. The
Network Focus on Energy, NFSNergy, Nordic Education increased complexity of the technological solutions,
Collabqration, Fire Safety Engineering, Risk Engineering, however, requires higher levels of academic training for
Education, Core Curriculum. professionals in fire safety engineering and a higher level of
continuing education during their careers.

Four decades ago a specific engineering BSc study
program in Fire Safety Engineering was formed at Lund
University, and several Nordic universities have since
included courses on such subjects in their own BSc og MSc
programs. A core curriculum for such educational
programmes was developed early on [1] and has been re-
evaluated more recently [2], [3]. Three years ago a research
agenda for the discipline was published by an international
group of educators and scientists [4].

Abstract

Fire safety regulations can have a major impact on many
aspects of the overall design of a building, including layout,
aesthetics, function, and cost. Rapid developments in modern
building technology in the last decades often have resulted in
unconventional structures, new building materials and design
solutions. Past experiences or historical precedents, which
form the basis of many current prescriptive building codes
and regulations, rarely provide the guidance necessary to deal
with fire hazards in new or unusual buildings. Therefore,
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The field of fire safety engineering encompasses topics
from a wide range of engineering disciplines, including
mathematics, physics, chemistry and advanced engineering
courses such as heat transfer, thermodynamics and fluid
dynamics. It is not immediately obvious how to balance the
need for knowledge from fundamental, applied and specific
courses to be taught within the discipline of fire safety
engineering.

A long standing cooperation across 13 Nordic universities
and research institutions has made this distinction clearer The
NFSD is a Nordic platform aiming at being a meeting point
for professionals from industry, research institutes,
universities and municipalities, including the fire service and
other local government professionals. The origin of the
network are the Nordic Fire and Safety Days, held biannually
in the Qresund Region.

At the same time, the topic of Societal Risk has gained
much prominence in contemporary society. Being a truly
multi-disciplinary subject, encompassing a very wide range
of scientific fields, there is an acute need for educators to
collaborate in developing educational material and defining
curriculums for educational programs at universities in this
emerging field.

The Nordic cooperative network NFSD, which initially
focused on fire safety, very early on widened the scope to
include to concepts of safety and security, and therefore the
engineering discipline of Risk Engineering.

Most recently the NFSD network secured Nordic funding
for three years for a specific cooperation program in
education, including PhD exchange programs and the
development of a summer school for students of engineering,
focusing on fire safety and energy.

The success of the NFSD has been used as a model for
expanding the collaboration to a broader network as
presented in the project The Nordic Fire and Safety Network
Focus on Energy (NFSNergy), which was funded in 2020 by
Nordic Energy Research.

Besides organizing the Nordic Fire and Safety Days, the
network organizes the exchange of PhD students and
researchers. The focus is safety of buildings and energy
infrastructures. Furthermore, NFSN will run summer
schools, webinars, and teaching for professionals, as well as
supporting research collaborations. The project will bring
together multidisciplinary teams working on important
energy-related initiatives promoting:

o the fire safety of new bioenergy systems,

e cnergy storage systems in green buildings,

e improved  digitalization  through  Building
Information Models in construction and

o the fire safety of new energy carriers in green
transport systems.

Current members of the NFSNergy consortium are the
Technical University of Denmark in collaboration with RISE
(Research Institutes of Sweden), Norwegian University of
Science and Technology, Lund University, Aalto University,
Luled University of Technology, University of Stavanger,
Western Norway University of Applied Sciences and the

University of Iceland, as well as VIT Technical Research
Centre of Finland Ltd and Danish Institute of Fire and
Security Technology.

As an example of the various levels of educational
cooperation, a number of the consortium members have been
cooperating for over two decades within one of the key
courses in Fire Safety Engineering, called ,,Enclosure Fire
Dynamics®, the study of how a fire develops in a building.
Here, engineering methods based on classical physics and
chemistry are used to simulate the environment due to fire,
allowing engineers and designers to test and compare various
possible design solutions regarding building fire safety. This
has required careful development of educational material in
close cooperation between a number of Nordic universities.
The fruitful cooperation has resulted in the production of
comprehensive educational material such as textbooks,
homework assignments, laboratory instructions and
computer labs, to name a few examples of results. Most of
the material is free of charge and available on the internet.

The authors of this paper recognize that engineering
education is acquired through programs of varying lengths
and stages in a variety of institutions and that educators in all
parts of this spectrum can learn from practice elsewhere. The
work reported here provides an example of how this has been
achieved by a cross-Nordic collaboration on providing and
developing educational material in two emerging engineering
disciplines: Fire Safety Engineering and Risk Engineering.
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Introduction

The coupling between fire dynamics and fire resistance is not
so straight forward as one might think at a first glance. The
fire exposure during standardized fire resistance testing
follows the so-called standard fire time temperature curve,
defined as a growing fire (until prescribed time limits)
without any cooling phase. Although this is not
representative of all possible real fires, the use of the standard
fire exposure allows for fire resistance rating of building
elements independent of their final use in a building [1][2].

The standard time temperature curve and Ingberg’s
equal area hypothesis

When the standard time temperature curve, henceforth called
the standard fire curve in this summary, was defined more
than 100 years ago, our knowledge regarding fire dynamic
was limited. No controlled fire dynamics experiments had
been performed when the curve was developed in the USA
[3]. But soon after the standard fire curve was defined,
Ingberg conducted a series of fire dynamics experiments
[4][5]. During these experiments, in a specially designed
building, furniture and paper were allowed to burn until
burnout. Finding from the experiments included that both the
temperature development and the duration varied in real fires
which made it problematic to use only one standard fire
curve. Ingberg’s solution for this problem was to eliminate
one of the parameters, the varying temperature development.
This was done by introducing the equal area hypothesis
shown in Figure 1. The basic idea in this hypothesis is that
the damaging potential of a fire on a structure is equal to the
area under a time/temperature curve below a lower boundary
temperature. Ingberg used both 150 and 300°C for this lower
boundary for the area calculation and a cooling phase was
included in the standard fire area. By using this concept, a
series of experiments with different fuel loads, representing
different occupancies, was converted to different times of
standard fire exposure, i.e. this was the basic coupling
between fire dynamics and fire resistance.

1200
— 1000
s
o 800 e Temperature in a
::: 600 fire dynamics test
©
E’. 400 = Standard fire
€ curve including
2 200 cooling

0

Time [minutes]

Figure 1. The principal idea with Ingbergs equal area hypothesis with
300°C as the lower boundary temperature [5] (fictive
temperatures in the fire dynamics test).

About 20 years later in an experiment performed August 1,
1947, the equal area concept was checked at the SP Fire
laboratory in Stockholm [6]. A bespoke test house was
constructed with walls of light weight concrete with a
reinforced concrete roof. The fuel load was chosen to
represent two hours of standard fire according to the tables
developed by Ingberg. After 40 minutes of slow burning the
fire developed and a quite similar temperature development
as the standard fire exposure was measured during 2 hours in
the experiments. The conclusion from the experiment at that
time was that Ingberg’s coupling between fire dynamics (fuel
load) and the standard fire curve concept was relevant. But it
is important to remember that the material in the enclosure
built specifically for the validation experiment was almost
identical to Ingberg’s test house where the correlation was
developed. Interesting to note was that in both Ingberg’s
experiments and the tests at SP the opening area in the
enclosures was actively changed during the experiments to
make the fire as severe as possible. The changes in opening
factor during the experiments was, however, not carefully
recorded, neither by Ingberg nor in the experiments at SP.

Fire dynamics in fully developed room fires
The severe city fires in Japan during the second world war
motivated Japanese research to develop their knowledge in
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the fire dynamics area [7]. This study led to the development
of a famous fire dynamics correlation when Kawagoe stated
that the intensity of fully developed fires (oxygen controlled)
in an enclosure was proportional to the opening area times
the square root of the opening height. In studies in the earlier
60’s more advanced fire models were developed in parallel
in Japan by Kawagoe and in Sweden by Kai Odeen [8].
Odeen’s model was a balance equation over the fire room
where the heat release was balanced against different losses.
One important conclusion from Odeen’s study was that the
temperature in the fire room was influenced by the thermal
properties of the enclosure. This was a factor that was clearly
missing in Ingberg’s correlation.

The importance of self-extinction

The basic coupling between fire dynamics and fire resistance
is in many cases that a structure should be able to survive a
burnout, i.e. when all burnable content in the room is
consumed the fire decays and the structure is still standing
and carrying its load. In the case of fire exposed load bearing
members made of combustible materials it is crucial to ensure
that this decay is possible, i.e. when the burnable content in
the room is consumed the structure itself should self-
extinguish, otherwise the structure will not survive a burnout.
This can be ensured by limiting the radiation exchange
between burning surfaces of the load bearing structure.

The importance of the cooling phase

In traditional fire resistance testing the cooling phase is not
included in the test procedure [9]. In real fires without fire
fighter intervention, failure can also happen in the cooling
phase. When using the duration of heating phase (DHP)
concept failure during cooling is also evaluated [10]. When
using the DHP concept, the shortest fire leading to collapse
following a standard fire curve is investigated, including a
cooling phase from the Eurocode [11]. When using this
concept for a set of glulam columns, it was shown that the
DHP was only 20-50% of their standard fire resistance [10].

Discussion

Traditional fire resistance rating is conducted following one
prescribed heating exposure until failure, not including any
cooling phase. If there is no fire fighter intervention during a
fire in an enclosure, there will always be a cooling phase.

If the final use of an element or a structure is known, it is
possible to do a detailed investigation of the fire resistance
based on the expected fire dynamics and loads. This can be
done experimentally or, if the structure is simple, by
calculations. It is not realistic that this can be done for all
possible situations, so a fire resistance rating before knowing
the final use of the element is necessary. This is done in the
standardized fire resistance rating system when elements are
exposed to the standard fire curve where the fire resistance
time rating is how long the structure can survive this

! The DHP concept in ref [10] is expressed as the shortest
standard fire including cooling leading to collapse.

exposure. As elements and structures can also collapse in the
cooling phase and that this collapse in the cooling phase is
not proportional to the traditional fire resistance rating when
comparing different structures, a complementary robustness
measure may be introduced. This complementary measure is
the burnout resistance defined by the duration of heating
phase. If developing this concept, a fire resistance rating may
in the future be expressed as “R 60 B40” where the traditional
fire resistance is 60 minutes (load bearing capacity) and the
longest' standard fire including cooling that the structure can
survive is 40 minutes. The different ways of evaluating fire
resistance discussed is show in in figure 2. This methodology
bolsters the benefit of traditional fire resistance testing by
temper its use with a thorough understanding of burnout
resistance of the tested building elements.

Fire resistance of
elements or
structures in a real
building
Burnout resistance
(duration of heating
phase concept)

[+1]
Q
=
[u]

&
0
o]
=
@

=

.

Rating of elements

before knowing the »
final use Traditional fire

resistance rating
following fire
resistance standards

Figure 2. Different ways of evaluating fire resistance.
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Abstract

Timber structures have been increasing their role in
sustainable and economic development and have attracted
worldwide attention especially in recent years. However, the
combustibility of structural timber and wooden linings is one
of the main reasons that still many building regulations and
standards restrict the use of wood-based materials and
structures.

Concern about the fire safety is understandable because
exposed wood surfaces can contribute to the early stages of a
fire and can add to the fire load in later stages of fire. Research
projects conducted during the past three decades have
provided basic data and information on the safe use of wood
in buildings.

Technical basis for fire safety of timber buildings
Traditionally wood-based building products have been used
in 1 — 2 storey buildings where potential fire risks are low /
reasonable. In the Nordic countries a major research effort
was started in 1990’s to show acceptable ways of use of
wood-based products in higher buildings. This resulted to the
first version of a guidance book Brandsdkra trdhus [1] in
1999 which dealt primarily with timber frame building
systems. Later two new editions have been published
including also Baltic countries in the third edition.

As an outcome of a FEuropean research project
FirelnTimber a guidance book Fire Safety in Timber
Buildings - Technical Guideline for Europe [2] was published
in 2010. This book includes a wide range of technical
information including basis for many amendments of the
ongoing revision of Eurocode 5, fire part.

An informal international group known as the FSUW
(Fire Safe Use of Wood) group (established in 2003 with
European partners) prepared the background for the
FirelnTimber project. Later this group (after extending to a
global network) was also the initiator of a soon to be
published guidance book Fire Safe Use of Wood - Global
Design Guide [3].

Contribution of structural timber to fire development and
fire exposure has been one important area of research. In
Figure 1 examples of room fire test results of mass timber
structures are shown for different levels of visible wood
surfaces. According to the test results maximum temperatures
can be 1000 — 1200°C when large areas of unprotected wood
surfaces are exposed to fire and there is enough oxygen
available [4].

Increased fire exposures lead to higher charring rates.
This means that when sprinklers are not available, higher
nominal fire resistance time requirements are needed to be
used when structural design is based on standard
temperature-time fire exposure curve.

1400
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1200 1 X
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2 600
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0
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Figure 1. Room fire tests with mass timber structures (CLT) [4].

In a Canadian study [5] it was concluded that active safety
systems of smoke alarms and sprinklers, played a much
greater role in reducing the severity of a fire than the type of
construction material. It is also shown in many studies that
sprinklers are very effective in ensuring safety of life.

The current improved knowledge on fire design of timber
buildings, combined with passive and active fire prevention
measures, allow safe use of wooden linings and structural
timber in a wide field of application.
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Future challenges

Increasing use of wood-based products and structures is still

possible when using the latest scientific knowledge and

principles of performance-based design to further develop

design codes and standards.
Research and guidance documents in the following areas

would be helpful for design engineers and code writers:

e  Contribution of exposed wood to the fire load in different
conditions and layouts

e  Self-extinguishment of charred wood — conditions for
safe solutions

e Performance of wood in facades / new European fire test

e Performance of hybrid structures made of timber,
concrete and steel

e  Methods to combine passive and active fire protection
for overall fire safety

e Procedures for building execution and control.
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Abstract

A risk analysis is performed to estimate what scenarios are
most likely to occur in the event of a hydrogen vehicle
accident in a tunnel or other confined spaces (i.c.
underground parking). It provides a quantitative calculation
for the likelihood of each scenario occurring, and of the
possible consequences.

Introduction

Hydrogen energy is increasingly being introduced to fuel
hydrogen vehicles. This includes the increasing production
and transport of large quantities of hydrogen by tankers and
other means. Both the vehicles and tankers will use the
common infrastructures established for traffic. Therefore, it
is necessary to ensure that the traffic infrastructures are able
to withstand the specific risks that may arise from these new
technologies. Hereunder the safe transport through tunnels is
a very important issue.

In order to have an appropriate assessment tool for
hydrogen vehicles transport through tunnels a new QRA
methodology is being established. A prior literature review
revealed a few risk assessment models and tools, but either
they do not include hydrogen as a dangerous substance (i.e.,
the QRA from PIARC [1]), or the “low frequency — high
consequence” events are not analysed (i.e., QRA developed in
[2]).

In Europe, the PTARC [1] approach is widespread and
chosen as a starting point for the new methodology. It already
includes average data as traffic statistics, accident frequency,
tunnel geometries including some prevention and protection
measures. This approach is enhanced by enabling better
implementation of hazards identification and respective
sources for hydrogen vehicles. It facilitates a detailed analysis
of the accident scenarios that are unique for hydrogen
vehicles.

The new methodology here reported provides a
quantitative calculation for the likelihood of each scenario

occurring, and of the possible consequences together with the
suggestion of engineering tools available for the analysis.
Furthermore, its application to hydrogen powered vehicle
accident in a confined space like a road tunnel and an
underground parking is discussed.

Risk analysis of a H; vehicle in a tunnel

Event Tree Analysis (ETA) is the proposed technique to
estimate the event frequencies. It depicts the chronological
sequence of events that could occur following the initiating
accident, including escalations and mitigation measures, e.g.
first responders’ intervention at the site of the incident. The
difficulties in ETA for emerging technologies is a lack of
statistics, failure rates and probabilities that make QRA
uncertainty very high.

A detailed analysis of the incident scenarios that are
unique for hydrogen vehicles such as consequences of the
initiating events is included in the QRA methodology. The
collision types that may result in a release of hydrogen gas in
a tunnel and the location of such an accident are also
considered. As an example, the worst-case incident scenario
in a road tunnel is assumed to be a collision of a vehicle at
high speed into the last vehicle in a queue. Then both
hydrogen release from the hydrogen fuel system and TPRD
are considered.

Regarding the latter, the proposed methodology enables
the assessment and evaluation of scenarios involving external
fires or vehicles that burst into a fire because of an incident
or other ignition event. The heat impact on the hydrogen
storage system is of great importance as it implies the storage
tank rupture and gas cloud explosion scenarios. Therefore,
both engulfing fire and localised fire scenarios are considered
by application of different TPRD failure probability in a fire
taken from publicly available sources. The reliability of the
TPRD is not reported sufficiently. There are very limited
literature data available, e.g. in the FireCOMP risk
assessment study [3] and the SANDIA publication [2].
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The results of the analysis show that the most likely
consequence includes scenarios with no release or hydrogen
release without ignition. When the hydrogen does ignite, it is
most likely a jet fire from the hydrogen system or the TPRD.

The consequence analysis, therefore, includes the hazard
from unignited release, hydrogen jet deflagration and fire,
deflagrations/DDT/detonations of flammable cloud under a
ceiling if it is created, blast wave and fireball after hydrogen
storage tank rupture in a fire, etc.

For jet fire, the flame length, which depends on the
storage pressure and release orifice diameter, is calculated
using the dimensionless correlation for hydrogen jet flames
[4]. In the case of TPDR releases impinging jet will be shorter
due to loss of momentum and follow-up effect of buoyance
than free jet and therefore the correlation can be considered
as a conservative estimate.

For the blast wave in tunnels, the engineering tool for the
calculation of the hazard distances [5] is employed for the
consequence analysis. For fireball after high-pressure
hydrogen tank rupture in a fire the engineering correlations
for assessment of hazard distance (defined by the fireball
size) are available both for stand-alone and under-vehicle
tanks rupture in the open atmosphere, but not in confined
spaces [6].

Prediction of the consequences of hydrogen detonation is
important for hydrogen safety assessment in confined spaces.
Li et al. [7] calculated the hydrogen dispersion in a tunnel to
evaluate the risk of flame acceleration and the DDT. The
detonation in the tunnel is calculated by assuming a strong
ignition at the top of the tunnel at an unfavourable time and
location. The pressure loads are calculated to evaluate the
consequence of the hazard.

The QRA output is individual risk in terms of human
fatality per vehicle per year for a selected scenario. Probit
functions are used to provide harm probabilities for the range
of incidents included in the risk assessments.

The application of the analysis to case studies has shown
that road tunnel risks with the largest consequences are the
scenarios leading to gas cloud explosions and tank rupture.

Risk analysis of a H: vehicle in an underground
parking

The case from the road tunnel scenario is applied with some
adaptions to a scenario where hydrogen cars are parked in an
underground car park.

While accident scenarios involve severe collisions in road
tunnels, the situation in underground parking is different due
to the very low speeds of the vehicles in such an
infrastructure. Also, only cars and small vans are expected to
use ordinary underground parking. Nevertheless, vehicles
still may self-ignite due to technical defects, be ignited by an
arsonist, etc. Fires in car parks are not very frequent and the
vast majority is extinguished within a short time. The
mitigation systems that are required for underground parking
are very different from country to country depending on the
size of the parking.

The vehicles are having a certain distance to the neighboring
vehicles and only the burning vehicles heat radiation is
impinging the potential hydrogen vehicles body, while the
pressure vessel is shielded due to the vehicle body. It may be
realistic to assume that only in case the fire spreads to the
hydrogen vehicle after a certain duration, the hydrogen tank
could be exposed to a strong enough thermal impact. Here the
reduction of distance between vehicles may be an important
factor and may increase the likelihood of fire spread from car
to car.

The scenarios with the potential catastrophic rupture and
deflagration need more detailed consideration as these may
develop in very short time leaving only very little time for
safe egress time of people in the car park. It should also be
assessed in more detail whether the consequences of such
explosions and the resulting blast waves may impact on the
carparks structural integrity and possibly could affect the
floor separations etc..
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Abstract

Li-ion batteries have unmatched properties in comparison to
other batteries on the market, especially when it comes to
energy density. However, due to the high cell potential, these
batteries need to have an organic electrolyte instead of a
water-based electrolyte as in precursor technologies.
Together with the active electrode elements this makes
thermal runaway a possible outcome, often resulting in
violent ejection of toxic and flammable gases, and jet flames.
In combination with high risk of escalating events and that
Li-ion battery fires are hard to extinguish this have put battery
safety high on today’s agenda. Even more so as time passes,
due to the trend with higher capacities and increasing electric
vehicles ranges, etc., which today typically imply less stable
battery materials [1, 2]. However, for electric vehicles,
available statistics show that battery fires are rare and the
probability of a fire in an electric vehicle is generally lower
than for conventional vehicles [3, 4].

Except finding new more safe materials or battery
concepts (e.g. solid state electrolytes), safety measures can be
implemented on cell level up to system level. Measures often
implemented include e.g. short circuit protection, overcharge
protection, cooling systems and mechanical protection to
prevent a thermal runaway event, as well as different measures
to prevent thermal propagation and suppress fire. The quality
of all the components and especially the battery management
system (BMYS) is very important for high safety, which is the
likely reason why cheaper consumer products have been more
frequent in fire incident statistics [3].

Battery cells

Thermal stability is often seen as a measure of safety level.
There are three important temperature values that are good
indicators for a cell; onset temperature of exothermic
degrading reactions, onset temperature of thermal runaway,
and maximum temperature during thermal runaway [5].
However, a more thermally stable Li-ion cell can still
encounter a violent thermal runaway and it may be more
important e.g. to avoid an internal short circuit. Depending
on state of charge the heat produced from a short circuit could
increase the cell temperature several hundred degrees and
then the matter of thermal stability may be less important.
Another interesting aspect is that more thermally stable cells
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could also typically be less prone to self-ignition during
thermal runaway. This could be seen as a benefit, but it will
depend on the application since production of flammable
gases without self-ignition could result in increased risk of
gas explosion. The point is that not only one attribute is
important but several.

To assess the outcome of a thermal runaway one should
look at gas production and gas composition, heat production,
onset temperatures, maximum temperatures, and rate of
temperature rise. More in depth studies could also include
venting and flaming behavior as well as particle analysis.
There are several factors affecting the outcome except
material composition (cell type), such as state of charge,
potential triggers, cell size and format, potential aging effects,
and boundary conditions such as pressure, atmosphere, and
temperature. For a holistic assessment of battery cell safety,
one should look at several factors affecting the outcome as
well as several evaluating criteria.

Battery modules and packs
Going from cell to module and pack means that some more
factors will affect the outcome, such as separation distances
and materials (both between cells and between modules),
serial/parallel cell configurations and connections, efficiency
of cooling system, venting strategy, and mechanical integrity.

Thermal runaway can provoke exothermic reactions in the
neighboring cells and propagation will continue as long as the
heat produced in a cell is enough to start thermal runaway in
the next cell. Total heat generation from a Li-ion battery going
into thermal runaway in inert atmosphere or without
combustion of vented gases is in general only a tenth of the
heat generation possible during combustion. Surrounding
oxygen is therefore important factor for heat propagation. The
project LionFirell [6] have assessed thermal propagation
between modules and the potential impact of different
suppression systems, including inert gas system.

However, it has been suggested that the state of charge has
a greater impact on the thermal propagation probability than
e.g. inert/non inert atmosphere or separation distance [7]. A
high charge state corresponds to higher gas rate build up and
higher temperatures, but always operating at a low state of
charge is usually not a feasible alternative.

Except mitigating a thermal runaway event, it is of course
better to prevent it from happen at all. Integrated safety
devices and the BMS (Battery Management System) should
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protect the battery against many potential failure modes such
as overcharge, over-discharge, ambient extreme temperatures
(by regulating cooling) and external short circuits. However,
protection against internal short circuits, mechanical damage,
or external fire (or other external high heating source) cannot,
in general, be guaranteed

Battery system applications

Safety aspects in battery system applications relate to
potential health effects, environmental effects, or property
damage. Toxic gases from electric vehicle fire and
contaminated extinguishing water are studied in the projects
ETOX [4] and ETOX2 (ongoing). The health and safety
perspective of electric vehicles onboard ships have also been
studied in BREND?2 [8]. A general conclusion is that the fear
of electric vehicles has been slightly exaggerated, and with
knowledge and sometimes new procedures the safety can be
kept similar as for conventional vehicle fires.

In the project Electric Light [9] a battery fire safety
concept was developed for fully electrically powered ships. In
such an application it is important that thermal runaway
integrity and propagation protection is connected to e.g. the
ventilation concept for the battery room. In the concept a
“casualty unit” of the battery is defined, which is the design
level based on other safety systems, battery configuration and
probability of an event. Further, the concept considers location
of the energy storage, compartmentalization, structural
integrity of the room, detection and suppression, risk analysis,
and testing requirements.

Conclusions and outlook

Based on statistics, safety aspects should not be a
showstopper for Li-ion batteries, but it is important to
continuously study and improve safety. Much research has
been done on battery cell level, but there is still much to do
from a safety perspective, e.g. regarding aging, second life,
modelling, and new material trends. Also new solutions that
are claimed to be safer, e.g. solid state Li-ion batteries or Na-
ion batteries, need to be further investigated.

Testing on battery packs and systems is expensive and
therefore less research has been performed. Large-scale
testing is however needed, but more research also into
modelling of battery failures would accelerate learning and
enable much more variations in investigated scenarios.
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Abstract

Introduction

The project *Analysis to practice: Prevention of occupational
injuries among firefighters’ has the objective to map injuries
among firefighters during call-outs, education, and exercise
(Phase 1) and to identify risk factors and possible preventive
measures (Phase 2).

Phase 1- Methods and materials

The report 11 “Work accidents in the fire brigades’ is the
result of the first phase of the project and presents the mapping
of occupational injuries and risk factors in the fire brigades in
the period 2008 to 2018. The study includes firefighters (full-
and part-time employees, volunteers, conscripts and rescue
specialists) in the fire brigades, Falck (private emergency
services company) and the Danish Emergency Management
Agency (DEMA).

Firefighters have a significantly increased risk of
occupational accidents compared to other parts of the
workforce. The main purpose of the project is to map
occupational accidents involving firefighters during
operations in Denmark and to use the knowledge obtained to
identify risk factors for occupational injuries.

The focus of this analysis is on operative tasks related to
firefighting, rescue operations as response to CBRNE
incidents, weather related incidents, emergency call-outs etc.
as well as operational education and exercises. Occupational
disorders are not included.

Phase 1- Results

The report presents results on occupational injuries based
on data from the Danish Working Environment Authority [,
the Labour Market Insurance and data regarding call-outs and
information on personnel from the Statistics Bank®! hosted by
the Danish Emergency Management Agency.

The analysis shows that notification practice and data
quality has improved during the study period. Both the
municipal fire brigades, Falck and DEMA report a high
number of occupational injuries with expected absence of less
than 1 day and near-misses as seen in figure 1.

In the period between 2015-2018 these injuries accounted for
almost two thirds of all notifications — even though there is no
formal requirement for notification of these injuries.
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Less than 1y | 256
7-13 days _746
14-20days [ 313
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30-80 days [N 251
90-179 days ] 42

More than 180 days | 27

Wlessthan 1 day (n=3.256) W 1dayupto3weeks(n=2.182)  m 3 weeks or more (n=445)

Figure 1. Expected absence 2008-2018

Some personnel categories are at increased risk of injury.
The younger age groups including conscripts have an
increased risk together with women and the employees, who
handle the acute phase of the incident . Conscripts mainly
experience injuries during education and exercises.

Older age groups experience a higher proportion of serious
injuries with expected absence of 3 weeks or more. Due to
data protection rules and in accordance with the character of a
national overview the descriptions of accidents are at an
overall level.

The most frequent tasks for the fire brigades are
firefighting and rescue tasks and the most frequent injuries fall
into these categories as well - firefighting (n=2.363 accidents),
rescue tasks (n=2.006 accidents).

The most common work related injuries are sprains,
strains and other injuries to joints and muscles. Bone fractures
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(open or closed) have a particularly high proportion of serious
injuries, as almost half of them result in an expected absence
of 3 weeks or more as seen in figure 2.

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Other injuries joints and muscles (n=1.134) [ | A
skin lesions, burns (chemical), minor bruises (n=339) [ AR
Bone fractures (open and closed) (n=253) [ | |

mlessthan 1day (n=2.454)  m1dayupto3weeks (n=1.914)  m3weeks or more (n=356)

Figure 2. Top 5 Expected absence due to type of injury 2008-2018

In total, the incidence of occupational injuries with
absence of at least 1 day was 145 per 10.000 persons. This is
just below the mean incidence of 150 per 10.000 for all
employees in Denmark in 2018. For comparison the industry
group ‘Police, emergency services and prisons’ had in 2017
an incidence of occupational accidents with at least 1 day of
247 per 10.000 B,

However, when taking into account that many persons in
the fire brigades are part-time employees or volunteers, the
incidence of occupational injuries with at least 1 day of
absence can be calculated to 29 per million working hours,
which is relative high compared to other groups in the work
force (],

In the study period, there is a decrease over time of
occupational injuries, when related to the number of call-outs
to real alarms. The observation is seen as an expression of a
lower number of injuries per call-out.

Phase 2 — Methods and materials

The results from the report 1 are included in the 2" phase
of the project with the purpose of identifying possible
preventive measures that can substantiate a reduction of
occupational injuries in the fire brigades.

Phase 2 - Results

The work environment groups of the fire brigades, Falck,
DEMA and relevant unions have contributed to the 2" phase
of the project with local knowledge about work related
injuries. They often see accidents, which occur as results of
twists, falls or crash on terrain, materials or in relation to a
building structure with the type of damage seen in the survey
- ankle sprains, strains and other injuries to joints and muscles.

Based on the identified risk factors a crew consisting of
experienced firefighters has tested a number of selected types
of incidents - typical for fire and rescue missions - under
tactical conditions. The test exercises were evaluated with a
focus on the working environment based on the given
framework for firefighting and rescue work, such as darkness,
smoke, poor working postures, etc.

Discussion and conclusions

In the 2" phase of the project a set of preventive measures
are targeted operative, training/exercise-related and
organizational levels. The measures range from topics on safe
driving/emergency driving, use of equipment and PPE, risk
factors in firefighting, search and rescue, ergonomics and
working conditions to the role of the firefighting crew leader.

As shown in the project the fire brigades, Falck and
DEMA have a needed focus on safety and a healthy working
environment — both during education, exercises and call-outs,
due to the given framework on working conditions during
operations. The project shows that there is a potential for a
common focus on the topic of safe working environment for
firefighters [,
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AutoStore
The AutoStore system was created based on the idea of
technical director Ingvar Hognaland, who recognized that
there is to much air in traditional warehouses. Air is
expensive and wasteful, the idea resulted in the game
changing Cube Storage Automation System: AutoStore [1].
The five modules that make the AutoStore system:
robot, grid, bin, ports and controller. The dense storage
system, where goods are stored in open-top containers
stacked directly on top of each other is relatively new to the
market. Warehouses today are getting more and more
complex, with a variety of storage solutions and automatic
storage solutions. This represents a new challenge for
firefighters for how to access the seat of a fire. AutoStore
has taken a scientific approach in evaluation and finding
solutions for a suggested manual firefighting tactical
measure.

Figure 1: AutoStore system

Fire Testing History

AutoStore AS has conducted more than 100 individual
small-, intermediate-, and large-scale fire tests since 2009.
AutoStore has chosen a scientific approach to answer fire

protection questions, through research of fire development
and means to suppress a fire through different approaches.
The fire protection methods tested are foam, hypoxic air and
ceiling-level sprinklers. Based on the results, valid fire
protection measures for an AutoStore system have been
developed. AutoStore fire tests show that ceiling-level
sprinklers will suppress and control a fire inside the system.

Tactical firefighting measures
A sprinkler system suppresses and control a fire, in any
facility, final extinguishment is usually accomplished by
manual firefighting efforts. In October 2020, AutoStore
started a collaboration with Underwriters Laboratories Inc.
(UL) and their Fire Fighter Subject Matter Expert’s (SME’s)
to develop a safe and efficient method for accessing the seat
of the fire from floor level [2].

In May 2021, a full height grid was assembled in
UL’s test facility, in this test the method developed in
March through cold tests where to be tested in a fire test. A
total of 19 firefighters from across the US was invited to
participate in the live fire test. A ceiling-level sprinkler
system was installed, and the ceiling height was 7.6 m. One
sprinkler activated, and the sprinkler was allowed to operate
for 1 hour before the control was handed over to firefighters.

The firefighters started by removing MDF panels,
before tunneling through 7 rows, 3 bins wide area of the
grid, before concluding on final extinguishment. The
method was found to be safe, with no grid collapse or
falling bins. It also brought awareness for the firefighters
how to fight such a fire in a systematic order to prevent
falling hazards and avoid content spill.
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Introduction

In Denmark planning and organizing the fire service is an
obligation on municipal level, characterized by a high degree
of autonomy. The standards of service from the fire service
are due to the legislation based on a risk-based approach,
where the concept of adequacy towards risks is displayed
through risk identification, risk- and capacity analysis, which
must be reviewed at least once in an election period. The
Danish Emergency Management Agency (DEMA) is the
Danish governmental agency related to the fire service
profession under the Ministry of Defence. One of the primary
tasks from DEMA is to supervise the municipal rescue
preparedness, and DEMA provides a statement upon the
conducted risk-based analysis. The statements are then part
of the local political processes. Thereby the municipalities
decide the level of accepted risk and the quality standard of
fire service offered in each municipality. This study
illustrates a need towards articulating the concept of quality
in the current risk-based approach.

Methods

The critique is based on three different studies. The first study
is a statistical review of data from a particular case — a fire
department in Denmark. The study demonstrates the relation
between units dispatched and units applied on scene. The
second study is an analysis upon the statements from DEMA
on the risk-based analysis from the municipalities. The
purpose is here to identify a pattern in the statements regarding
the scenario, capacity and risk-analysis, with a specific focus
on how the notion of quality is understood. The third study is
qualitative workshops conducted with representatives from
different municipal fire services in Denmark. The purpose is
to investigate how the fire services from a tactical point of
view handles similar cases. Thereby it becomes possible to
demonstrate how different levels of service handle similar
cases.

The foundation of the statistical review usually sets of in
the existing turnout codes. The turnout codes have evolved
over time and are fundamentally flawed when it comes to
determining the adequate turnout size. Often the fire service
dispatches too many units but sometimes, unfortunately, too

few. Alarming the fire services, in case of an emergency, in
Denmark is done by three means. 1) calls to the main public
service answering point [PSAP] (the 112 number) 2)
automated fire alarms (smoke detectors, sprinklers etc.) that
transfer the alarm directly to the fire services dispatch central
and in a few cases, 3) direct call to the fire service. In
Denmark, the fire services receive around 40.000 alarms a
year. Almost half of the alarms are from automated systems
and the other half from the PSAP. Only 424 alarms are by
direct call to the fire service. This study has analysed data
from the Danish national database for turn out data, ODIN,
upon a specific case. Specifically, we are looking at turnouts
in the period from 2016.01.01 00:00 to 2021.12.31 00:00 — in
total 15.339 turnouts. 14.965 have been within the authority
of the fire service, 2820 have been fire turnout and 2148 have
been turnouts to building fires. The remaining turnouts have
been for rescue, EMS, and automatic fire alarms. In the
following initial examination fire turnout reports, reports
regarding automated fire alarms have been neglected despite
being the origin of some fires. This was done because the
sheer number of false alarms would distort the result.
Optimizing turnout for automated fire alarms is worthy a
study of its own.

In the second study 21 statements from DEMA are
analysed. The statements are coded towards the following
codes: Risk identification, risk analysis, legislation, level of
service, ODIN-data, command-structure, water supply,
evaluation, preparedness. The categories are then analysed
with a particular focus upon identifying common
denominators. In this context it is important to bear in mind,
that there is a relationship between autonomy in the
municipalities and the governmental responsibility from
DEMA. This relationship will eventually and naturally
provide some specific limitations in the critique upon the
specific levels of service in the municipalities. The statements
from DEMA provide directions towards how the
municipalities should interpret and operationalise what an
adequate, feasible and responsible emergency response is.
would be.

The third study focus on the actual sharp end practice and
investigate the level of service in 5 different municipalities
within 5 cases, which represent everyday types of domestic
fires in different types of building constructions. The study
was arranged as a workshop with officers from the fire



service. In the workshop the officer’s responded to a fire
simulation made upon a building which they placed in their
local area. They then responded to the simulated fire with their
actual types and number of units. Their tactical decisions, and
request for further resources were then documented in a Gantt
chart. The purpose was not to discuss the local political
agreements, but to analyse the actual tactical handling.

Results

The quantitative analysis shows that for a regular building fire
(L.e. apartment fire, villa fire etc.), the particular fire service
usually dispatches 5 fire units. Usually, a combination of 2
engines, 1 ladder, 1 tanker and an incident commander. In the
ODIN data fire units can be logged either as cancelled,
engaged, on scene (not engaged) or standby at station.
Examining the building fire turnouts where 5 fire units in total
were dispatched (324) shows that 1/3 (112) started as a minor
incident that needed assistance and “grew” into a 5 unit’s
incident. In more than 1/5 (82) of the 5 unit’s turnouts none of
them are used. When a fire unit is logged as on scene (not
engaged) this shows that is has not been necessary to use any
equipment from the unit. When a 5 unit’s turnout is logged as
having no units engaged, then it can be interpreted to illustrate
that that the process of choosing the right turnout code has
failed to an appropriate turnout size.

The analysis of the patterns in the statements from DEMA
demonstrate an unclear conceptualisation of quality in the
emergency service profession. The focus in the statements
regarding the risk-analysis is commonly upon changes in
resources allocated regarding personnel, engines, ladders etc.
There is a consistent focus upon the minimum requirements
due to the legislation, and statements regarding the notion that
the technical leader should arrive as soon as possible and at
least at the same time as assisting units is consistent. However,
the statements do not encapsulate or comment upon the notion
of accepted risk in the scenario- and risk analysis, and
discussions regarding how adequate, feasible and responsible
the response is remains unquestioned. There is furthermore a
lack in the statements regarding the relationship between the
parts of the plan and the actual sharp-end practice. There are
no requirements in the statements towards feedback loops
between learning points from real incidents back to the
educational plan, or requirements towards assessing the
degree of success from the plan to actual practice to ensure,
that everyday incidents are handled due to specific levels of
standard. The statements thereby end up decoupling the plan
from the actual practice, and thereby blurring the quality
criteria regarding the accepted risks, and the residual risks.

The analysis of the Gantt chart assessing the actual
planned practice shows that even though alarm codes and
scenarios are similar, different vehicle compositions, crews
and equipment are sent, and thus manifests divergent
differences both internally and externally in the emergency
services' tactical handling towards fire in building
constructions. When deployed to a fire, the emergency
services lack professional standards which contribute to
misunderstandings as practices are interpreted differently, e.g.
the term ‘stop line’ (an unrecorded method) is understood
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differently internally in the emergency services and therefore,
there are large differences in what equipment, vehicles and
personnel are seen as required. There is a lack of feedback
loops on training and sharpening practice, which otherwise
provides increased knowledge for the next incident. The
evaluation practice during and after a complex type of incident
is deficient or lacking. In the evaluations, there is a lack in
articulating quality aspects and goals to define whether the
effort has been a success regarding e.g. minimization of
damages, sufficient value rescue, or whether the incident
could have been done differently, so that existing knowledge
can contribute to the handling of the next case.

Discussion and conclusion

The purpose of this work in progress is to initiate a discussion
upon the current use of scenario, capacity and risk-analysis
which detach the analysis from the actual practice conducted.
We propose a progression where focus is not only upon
statistical data, but a statistical analysis which encompass a
discussion regarding how close the fire services are to hit the
bull’s eye in the sense, that the resources dispatched
correlates with the units needed. The study indicates that the
alarm codes could be subject to changes. A model where units
is successively dispatched as the call-taker at the PASP is
therefore a subject for further research. Such an approach
would demonstrate the degree of accepted risk and would
allow the fire service profession to compare levels of service,
and thereby demonstrate the willingness to pay for higher
degree of service, and thereby reducing risk. The qualitative
studies demonstrates that the statements upon the conducted
risk-based analysis focus on changes in the numbers of units
responding to specific alarm codes. The statements
furthermore focus on types of incident analysed upon, hereby
especially complex and complicated types of incidents. The
pattern shows indeed a reluctance towards articulating
quality aspects upon the analysis conducted from a
methodological perspective and do not demand relations
between the statistical data and evaluations towards the actual
practice conducted.

Thereby the level of accepted risk becomes unclear which
affect the possibility to assess the overall quality delivered by
the fire service.
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Abstract

Plastic recycling involves fire safety risks in both storage and
processing. Fire safety of recycled plastics and waste centres
has been studied to some extent, and significant fire risks
related to recycling and waste stations have been identified.
As the circular economy of plastics has changed and
developed significantly in recent years, it is crucial to identify
and manage the new fire risks that arise from it. VTT's
research project has conducted a literature review on the fire
safety risks of plastic waste management involved in the
recycling process. This research supports the development of
the circular economy of plastics and thus promotes the
sustainable development of the use of plastics.

Issues, concerns and the path ahead

Waste fires are, in general, difficult to contain, as they are
very large fires with very high heat content. The difficulty for
water to penetrate to reach the fire seat makes them even
more challenging to extinguish. Large resources are needed
for prolonged firefighting in waste fires. Additional
challenges are caused by reduced visibility and fire products
toxic in nature. Re-ignition has been reported, which has
reinitiated firefighting. At times, people from the surrounding
area have been evacuated for safety. Moreover, firefighting
water run-off has the potential to contaminate water bodies.
Given the number of challenges involved in dealing with such
fires, improper planning and approach to fight such fires
would be futile and exhausting. [1-6]

Plastic waste fires altogether throw a different set of
challenges (Figure 1). Different types of plastics thermally
decompose differently as they have different chemical
compositions [7]. For example, Polyethylene (PE)
Terephthalate on thermal decomposition will lead to the
evolution of light volatile products, which makes them easily
ignitable. Their volatile matter feeds the flame and shows
limited tendency to form char. Whereas, High and Low
Density Polyethylene (HDPE and LDPE) on thermal
decomposition in air produce partially oxygenated products
such as aldehydes, ketones and major combustion products

VTT Technical Research Centre of
Finland Ltd, Espoo, Finland

Tuula Hakkarainen

VTT Technical Research Centre of
Finland Ltd, Espoo, Finland
tuula.hakkarainen@vtt.fi

such as carbon monoxide, carbon dioxide, water etc.
Polystyrene being amorphous in nature, degrades thermally
in a single step which leads to a rapid initial decrease in
molecular weight. Oxygen plays a very important role in the
degradation of Polystyrene, which involves thermo-oxidative
products including benzaldehyde, benzoic acid, phenol, and
benzyl alcohol. With such wvariation in thermal
decomposition, it is clear that each type of plastic will
contribute in its way to fire and its products. Different types
of additives like plasticizers, stabilizers and colorants, which
are added to plastics during manufacturing, can further alter
their behaviour in fire (examples of various types of additives
can be found from Table 1 of [8]). Moreover, recycled
plastics are often seen as blends of plastics as it is often
impossible to completely separate one plastic type from
another type (seen as impurity) during the recycling process
apart from other non-plastic impurities. For example, Dutch
recycled-PE  from separate collection consisted of
approximately 91% PE, 8% PP (Poly Propylene), 0.4% black
plastics, 0.3% PVC (Poly Vinyl Chloride), 0.2% PS
(Polystyrene), 0.2 % PET (Polyethylene Terephthalate) and
0.1% paper [9]. The presence of two main polymers (for
example, PE in PP or PP in PE as an impurity) can form an
immiscible blend. Typically, the blend morphology (in the
theoretical framework) is determined by the concentration of
polymer present, miscibility and compatibility of the two
polymers and processing variables such as temperature and
shear forces which, in turn, determine the dispersion of the
second immiscible polymer in the matrix of the main
polymer. This blend morphology will, in turn, determine the
material properties, of which some will strongly relate to the
molecular architecture of the recycled plastics. Properties
related to melting and viscosity which can play a role in
spreading fire on melting, may be affected. Other mechanical
properties like tensile strength, impact resistance etc., can
also get affected by such blend existence in composition [9-
10]. Thus, it can be concluded that impurities can also alter
the way plastic will burn and thus its fire-related properties
based on its percentage and chemical composition. Risks of
plastic waste fires are further raised by the fact that they burn
at temperatures higher than other waste fires [11]. Higher
temperature fires can cause the breakdown of volatile
compounds, which emit dense black smoke [12-13].



Bulk

Impurities properties

Original Recycled
- properties,
Composition Affects etc.
plastic(s)

performance
in a fire

Figure 1. Some factors affecting the performance of
plastic(s) in a fire

Given the high heat content of plastic waste fire, limiting the
stockpile of plastic wastes to certain volumes and keeping the
minimum separation between stockpiles could limit the fire
spread. However, such fire can also spread by either radiative
heat flux or the flow of molten plastics. Moreover, the
effectiveness of sprinklers over stockpiles is questionable as
water reaching the fire seat is not certain. Although,
sprinklers could keep the adjacent stockpiles cool to stave off
any possibility of ignition. The possibility of the production
of dense and toxic smoke raises challenges for both indoor
and outdoor storage. Indoor storage should be equipped with
proper smoke and heat control systems to support safe
evacuation and firefighting. Furthermore, based on wind
conditions, fire in outdoor storage can cause difficulty for
firefighting and may trigger the evacuation of people from
the nearby area.

The dearth of data and the challenges involved in evaluating
fire properties of plastics to find the holistic behavior of
plastic bulk in question (during a fire) further raise concerns
about addressing the issue. Evaluation of fire properties of
plastics is not a straightforward process. Collected plastics
can comprise just one type or multiple types of plastics,
which in turn can either be made of virgin or recycled plastic.
The chemical composition of a bulk consisting of one type of
plastic is expected to be more or less homogeneous and can
be tested to evaluate its (average) fire performance. However,
when a bulk consists of multiple types of plastics, its
(average) fire performance apart from chemical composition
will also be dictated by the mass percentage of individual
plastics. Consumer usage patterns of different types of
plastics can differ from one municipality to another based on
their socioeconomic status and, thus, the mass percentage of
individual plastics collected for recycling. Data of different
types of plastics collected by different plastic recycling
companies would be a good starting point to the average mass
percentage of individual plastics present in the collection. If
such data are not available, then adequate samples
representative of an adequate number of collections can be
directly tested for their fire performance, and evaluated fire
properties can be used for further fire safety studies. At least
to account for fire-related properties, ignitability, flame
spread rate, heat release rate, ease of extinction, smoke
production, and effluent toxicity have to be evaluated for a
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plastic-type or bulk collection [7]. From the viewpoint of fire
research, at least the following determinations should be
made on the materials:

e Estimation of the heat of combustion per kg of plastic
waste (MJ/kg)

e  Estimation of burning rate (kg/s)

e Tendency of ignition and flame spread (plastics can melt,
and a pool of molten plastics can easily spread fire)

e  Fire products: CO, soot, other toxic yields.

e  Other thermal properties: conductivity, specific heat,
density etc.

e  Most importantly, heat release rate with respect to time.

Small-scale and bench-scale tests can be done to estimate fire
properties. With such estimations, new methods can be
devised or fire simulations can be used to study the effects of
different configurations of plastic storage on fire in a built-in
environment or outdoor space with wind conditions. This can
enable us to tackle the risks of plastic fires in a more informed
way.
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Abstract

Fire safety is not yet an explicit aspect of the assessment of
sustainability in the built environment. The main reason for
this is that there is a lack of consensus in thinking and
approaches in the fire safety and sustainability communities.
To alleviate this, a map of the current practices is required
to harmonise stakeholders' goals and leverage more
oriented-based solutions towards an improved level of
safety in the built environment. There is currently an
excellent window of opportunity to achieve this, due to
ambitious policies (UN goals and EU goals), to target such a
complex multi-disciplinary problem.

Introduction

Climate change and environmental deterioration pose a real
threat to humanity [1]. The energy use in the built
environment (heating, cooling, and servicing) accounts for
60% of the worldwide global energy consumption and 40%
of the carbon emissions [2,3]. In the EU, the built
environment's energy consumption accounts for 40% of the
overall consumption and is responsible for 36% of
greenhouse gas emissions [4]. In attempts to address this,
supranational, national, and local governments have
established sustainability goals for the near (2030) and
somewhat more distant future (2050). Sustainability can be
evaluated based on balancing economic growth, social
development, environmental protection and conservation
[5]. For example, the UN established 17 Sustainable
Development Goals (SDGs) [6]. Similarly, the EU has
ambitious goals to achieve carbon-neutrality by 2050 [7],
mainly through implementing the European Green Deal,
which focuses on energy consumption, research and
innovation actions [1], and the Renovation Wave Strategy to
improve the energy performance within the built
environment [4]. Currently, 75% of the European building
stock is inefficient, and 80% will remain in use by 2050 [7].

Higher fire risks

Fires accidents have a direct detrimental impact on society.
In Europe alone, 5,000 fire incidents occur every year,
causing 4,000 fatalities and 70,000 hospitalisations. These
fire events cost €126 Billion per year, which is equivalent to
1% of the EU's GDP [7]. Moreover, fire directly impacts the
environment due to global and regional pollution (air, soil,
and water). Fires in warehouses in England and Wales add
135,000 tonnes of CO, to the atmosphere every year.
Outside the standard built environment, other fire scenarios
can emerge, such as wildfires, peat fires, and fires in
informal settlements, and they increase the emissions of
greenhouse gases significantly [8].

At the same time, the industry related to sustainable built
environments is rapidly growing [10]. The programmatic
needs for reducing pollution and buildings' carbon footprint
push for new construction materials and complex systems
[9]. In these settings, safety is often considered a burden
until an accident occurs, and it is lagging behind the general
development related to sustainability [5]. Still, there is a
public acknowledgement of the impact on fire safety and
unintended consequences (increased fire risk) [2,10,11]. The
increased risk is due to an array of causes. Examples are
flammability of thermal insulating materials (e.g. plastic-
based), systems that may enhance fire and smoke spread
(e.g. double-skin facades), PV systems and combustible
insulation, thermal runaway of lithium-ion batteries, Electric
Vehicles, green facades and roofs, unprotected structural
elements and spalling of lightweight concrete [9,11].

The current state-of-the-art in the quantification of
sustainability

There are many well-established assessments methods
related to sustainability in the built environment, where
BREEAM and LEED address building projects, while BEES
focuses on building products. Other common tools are LCA
and DGNB. One key measure in these methods is carbon
emissions, and there are currently explicit goals for CO;
emissions per m? of buildings (LCA, BREEAM, DGNB).
However, the consequences of fire events are not addressed
in those methods. One reason for this could be that fire safety



engineering in building codes primarily focuses on
protecting human life. As a result, property protection and
operability are left to be addressed elsewhere, for example,
under resilience, which again can be quite loosely defined.
As a result, most sustainable solutions have not yet been
tested regarding fire incidents [12].

Attempts have been made to address fire through risks
assessment. To achieve sustainability goals, fire risks can be
accounted for through performance-based design in fire
engineering. In the literature, examples of guidelines (ISO
26367), holistic approaches and frameworks (BRANZ and
others) can be found [10,13]. However, those approaches do
not address all the fire risks arising from sustainable
solutions, but they have suggested paths for improved
resilience.

The sustainability measures

The question that arises is then on the quantification of fire
in the sustainable built environment. How can fire safety be
explicitly included when assessing sustainability in the built
environment? Is a mass timber building more sustainable
than a concrete or steel one in case a fire leaves them out of
commission? Which option would be more efficient in case
of a fire scenario? Traditionally, the fire performance is not
part of an LCA [14]. However, fire can be incorporated, as
reported by Andersson et al. [15]. Their model (Fire-LCA)
used case studies focused primarily on emissions but did not
provide more relevant information. The Fire-LCA does not
quantify the fire impact on society emerging from various
fire scenarios (toxicity, monetary costs, emissions and life
cost).

Currently, there is inadequate communication between
sustainability and fire safety fields [10,16]. Still, closely
interlinked fire safety and sustainable design can reinforce
each other, and it can be beneficial for society and the
environment [10,16]. Also, there is an abundance of
vocabulary referring to sustainable fire safety [11] that is not
helping in terms of making a consensus. Therefore, there is
a need to understand and map the current practices
(methods, standards, systems) in the field. This will
eventually allow us to understand and unify the lexicon and
metrics and align stakeholders' goals. Consequently, such
analysis will serve as a basis to develop a more oriented-
based solution to quantify fire safety in the sustainable built
environment.
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Abstract

Karmey municipality in Norway will build three houses
dedicated residents belonging to the at-risk group of people
struggling with drug abuse and mental disorders as part of a
pilot project. Based on the history and statistics of people with
these issues, fires are most likely to occur at some point.

Therefore, focus is on implementing innovative solutions
with regards to fire safety. A research project founded by the
Norwegian Research Council is started to assure that the
houses will be equipped with innovative solutions. Focus is on
long term cost and effectivity. Participants in the research
project are Karmey municipality, the Norwegian research
institute Norce and Western Norway University of Applied
Science (HVL).

At the same time, Western Norway University of
Applied science is carrying out a research project called
Builder. The goal of work package (WP-5) is to find new
technological solutions which can increase the fire safety
for people in at-risk groups. Based on both these projects,
one of the tasks is to investigate what kind of fire
suppression systems are suitable for people groups with a
high risk in terms of fire safety. Early intervention will
reduce the fire damage, the use of a personal safe gas-
based system will avoid secondary damage after a fire.

—

Figure 1. The test room is prepared following a similar layout of the
dwellings to be constructed in Karmoy ROP project. The whole
apartment has a floor area of 35 m2.

Problem statement

The Norwegian building regulations requires fixed fire
extinguishing systems in care homes (hazard class 6). People
who are drug addicts or struggle with mental illness are part
of a group of people who are involved in a relatively high
percentage of fire incidents. There are many challenges
regarding the fire prevention in dwellings where these
persons live. Some of the known problems are
frequent fire outbreaks which often leads to secondary
damage, unwanted activation of the fire suppressing
system due to intensive smoking, disassembly of
installations, downtime of the system and relocation of
the resident while the apartments are rehabilitated after
damage. The main task is consequently to research if a gas-
based fire extinguishing system using 1G-541 (brand name
Inergen) as an agent could be a suitable alternative
for these kinds of buildings.

The focus of the paper will mainly be to
investigate the functionality of the system, but will as well
briefly look into reliability, environmental factors, and
personal safety when using the described fire extinguishing
agent.

Method

The method consists of both experimental work and
a study of literature. A full-scale dummy apartment is built
at ‘the hall of flame’, the full-scale laboratory facility at
HVL. Several full-scale fire tests will be carried out
in the apartement as a part of a bachelor thesis. The whole
loop of the extinguishing system, with multi criteria
detection, alerting, discharge of the extinguishing gas, and
extinguishing will be tested. A pre-study will reveal
which scenarios are most likely to occur and should
be tested. Adjustable parameters such as openings of
doors and windows, ventilation velocity and the use of
extended discharge will be varied.

Furthermore, an analysis of the long-term costs
when installing an 1G-541 fire suppressive system will be
carried out. The paper will also include a short literature
study of the environmental effects of the system, and a brief
look into the reliability and the person safety regarding the
system.



Earlier work

Earlier work has shown that 1G-541 might be a suitable
solution to protect at-risk groups [1]. Early intervention will
lead to early extinguishment of a fire, low levels of CO and
reduced damage. Safety is considered to be well taken care of
in CO2-compensated hypoxic atmospheres, for exposures up
to 30 minutes [2] [3].

Open doors and windows might cause a large uncertainty,
this can probably be solved by extended discharge and/or
apply a combination of IG-541 and pressurized air [4].

Result & Observation
To be added after conducting a full-Scale Experiment by
the mid of March.

The expected outcome of the study

The main goal of the study is to gain experience based
upon realistic fire scenarios to evaluate whether the proposed
fire detection and suppression system might be able to protect
the residents and avoid damage to the dwelling. The outcome
will be reported to Karmey municipality.
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Abstract

This paper describes the concept and application of a
gradient based method to estimate input parameters for the
smoke simulator ARTSS. The aim here is to align the
simulation with given experimental or synthetic data (in the
first step) with the future goal to use this approach to couple
the simulations to real-time sensor data. Here, we focus on
the determination of initial conditions of the heat source.
For simplicity, the analysis is limited to the maximal heat
release rate (HRR) and the (one dimensional) position of the
fire source, where the sensor data used for the assimilation
is based on simulation data produced by another simulation
tool. To determine the gradient, a finite difference method
in the parameter space is used.

ARTSS

ARTSS (Accelerated Real-Time Smoke Simulator) [1] is a
CFD (computational fluid dynamics) based smoke
simulator, which specialises in fast calculations. The
purpose is to create a real-time and eventually even
prognosis simulation of smoke propagation in complex
buildings. The approaches to achieve this goal are adapting
the modelling and the numerical algorithms, as well as
implementing the use of highly parallel systems, like
graphics processing units (GPU). With the focus on runtime,
there are corresponding sacrifices in accuracy. Thus, in this
application scenario the faster algorithms are preferred to
the more accurate ones for the calculation. Additionally, in
favour of acceleration, models for thermal radiation,
pyrolysis, combustion etc. are neglected. To compensate for
these accuracy losses, an assimilation of the data is used.

Data Assimilation

Data assimilation is a method that is widely used in weather
forecasting. It is used to estimate the initial conditions with
the help of external data at all grid points and based on the
estimate a forecast is made. We are applying this concept to

the context of fire simulation. The idea is to change the
course of a running simulation with the help of e.g. sensor
data and to adjust it when necessary to ensure that the
simulation still represents reality.

Practically in ARTSS, the changes are done at runtime by
communicating with an external program, in our case a
Python script. The external program can read in the
simulation data and decide whether it aligns enough with
the given sensor data. If the simulation does not fit the
criteria, the Python script can request a rollback. Which
means that the simulation will go back to the specified time
step (see Figure 1). Here the parameters can be changed as
well as direct changes in the simulation data performed. In
our case we can change the HRR as well as the position of
the temperature source. The simulation will run from the
rollback point on with the changed parameters and/or the
changed simulation data. Direct changes of the field data in
the course of the simulation can be conducted as well.

Simulation time

ARTSS
—
\

Rollback + parameter adaption

-

Set parameter
command
— Evaluation of solution

""//Jlr\iol “OK”

World clock time

Figure 1. An external Python script reads out the simulation data, e.g. at
time step 3. It checks whether the simulation data is accurate
enough with regard to the sensor data. If it is not, it can send
a message to ARTSS to request a rollback to the time step with
changed parameters.

Gradient-based Optimisation

The general idea is to investigate a certain time window and
compare it to the sensor data. Explicitly for our case study,
four different cases of rollbacks will be investigated, which
follow a finite difference scheme. One case is to rise the
HRR and move the fire source in one direction, accordingly



the other cases are combinations of lowering the HRR and
moving the fire source in the other direction. Based on these
four cases the new parameters will be determined by
calculating the gradient and changing the fire parameters into
its negative direction. The result will be sent to ARTSS. This
process will be repeated for the subsequent time windows.
Adjusting the parameters over the whole simulation may not
result in finding the correct starting parameters but at least
the result will be similar to the simulation with the correct
starting parameters.

For the evaluation of the data assimilation method,
simulation data based on FDS (Fire Dynamic Simulator) [2]
calculations will be used. The same simulation scenario as in
FDS is started in ARTSS, but with changed parameters of
the fire source. Over the period of the simulation, data from
the FDS simulation is then transmitted to ARTSS to mimic
sensor data. At the end, the effect of the change of the fire
source on the final result is analysed by comparing the
simulation result of ARTSS directly with the one of FDS.
Accordingly, FDS represents experimental data or data from
a real fire.

Use Case

The final goal is to use ARTSS as an aid in the event of a fire
and to give first responders such as the fire brigade or
adaptive  technical  building installation additional
information about the course of the fire. Data assimilation
can compensate for unknown or incorrect data. Unknown or
inaccurate data may include (combustible) furniture or the
heat release rate of the fire source. Incorrect data includes,
for example, the position of the fire source.

An intermediate target that we demonstrate here is the
active correction while ARTSS is running. This means that
our tool allows fast rollbacks of simulations, so that they do
not have to be restarted with the new parameter settings, this
implies, that the simulation parameter are not fixed in time
but rather variable per construction. Using a simple
communication layer allows for an efficient online
monitoring and steering of the simulations. In addition, the
solvers can also be exchanged during runtime, which makes
it possible to take a simple model for the fire spread and then
switch to a model for the full fire phase.

Examined Scenarios

We have chosen three scenarios of varying complexity. The
simplest is a tunnel or an elongated cuboid with open ends,
see Figure 2. The second scenario is two rooms connected by
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a corridor (see Figure 3) and the most complex setup is an
open plan office (see Figure 4).

Figure 2. Experimental setting in FDS. A tunnel with open ends on the
left and right side. The fire starts spreading in the middle
section of the tunnel.

Figure 3. Experimental setting in FDS. Two rooms connected by a long
floor. The fire starts spreading in one room.

Figure 4. Experimental setting in FDS. An open plane office. The fire
starts in the corner.

Outlook

The next step will be to compare the gradient-based
optimisation =~ with  other  optimisation  algorithms.
Furthermore, there is data that can be changed at runtime,
such as doors or windows, which can be opened or closed.
Whether these can be recognised and corrected accordingly
also remains to be investigated.
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Abstract

Climate change has prompted construction and the
construction products industry to use materials that leave
fewer carbon footprints. Carbon footprints can be reduced,
among other things, by using more wood and various bio-
based polymers. However, such materials are often required
to pass fire-related performance tests, which increases the
time and the cost involved in the process. Attempts to reduce
such time and cost have led to the development of fire-
related computational tools that can virtually test the
performance of such materials during a fire. Cone
calorimeter is one such testing tool, and computational tools
based on Computational Fluid Dynamics (CFD) are available
to simulate it. This paper presents a new simulation model to
aid the simulations of such cone calorimeter tests in CFD
based software named Fire Dynamics Simulator (FDS). High
accuracy required in such simulations demands very fine
mesh, which leads to time-consuming “conventional
simulation” that includes gas-phase calculation. The
presented solid-phase-only model includes the spatially
varying effect of flames in solid-phase-only calculation by
using pre-calculated heat flux from different flame sizes for
the different locations on the sample’s surface. The exclusion
of flame and inclusion of pre-calculated heat flux in the
simulation results in much faster and encouraging results,
although there are acceptable differences from the results of
the conventional simulation. Nonetheless, the approach and

results look promising to study the pyrolysis process of
material undergoing degradation during cone calorimeter
test.

Modelling Approach

The purpose of this work is not to model the cone
calorimeter experiment exactly but to produce a fast and
approximate computational model that produces acceptable
results. In a typical application, problems in the modelling
of the cone calorimeter experiment are emerging when a
sample ignites and there will be a flame over the sample
after it ignites. This flame will heat the sample surface in
addition to the external radiative flux from the cone-shaped
radiative panel that produces almost spatially constant
radiative flux at the sample surface without the flame. In
this work, the effect of the external radiative flux from the
heated cone is simplified. It is assumed that all the nominal
radiation emitted from the heated cone will reach the sample
surface without any attenuation due to the flame or pyrolysis
gases.

In this work, a fast and robust method to approximate the
heat flux from the emerging flame back to the sample surface
is addressed. The model is based on the fluid dynamics based
fire simulation programme Fire Dynamics Simulator (FDS).
The fast cone model is used together with FDS to optimize the
material and pyrolysis parameters that are used to model the
material in FDS. The main application of the fast and robust
cone calorimeter FDS model is to use it to produce a FDS
material model that can be used in larger-scale FDS
simulations. The dimensions of these applications (affordable
computational mesh sizes are of order from tens of



centimetres to meters) are such that the LES is the only
practicable mode of calculation. Thus, the cone calorimeter is
modelled with the same basic assumptions as the larger-scale
application will be using. Using LES mode of FDS enables
the use of the same combustion reaction model.

The fast and robust FDS model for the cone calorimeter

(in air) consist the following steps:

1) The radiative and convective heat transfer from the
emerging flame are estimated using separate gas
burner calculations, where a fine computational mesh
(I mm grid resolution in this work) is used to
calculate a gas burner that has the dimensions of the
cone sample (100 mm x 100 mm). The fuel gas is
introduced evenly on the surface and many different
heat release rates are simulated that span the typical
range of heat releases of samples in the cone
calorimeter (50 kW/m? to 1000 kW/m? in this work).
The calculated radiative and convective fluxes due to
the flame are recorded in the calculations and they are
tabulated as a function of the position for later use.

2) A fast FDS calculation without any gas phase
calculation is done, where the radiative heat flux from
the cone heater is applied as a boundary condition to
the 100 mm x 100 mm surface representing the
sample. Basically, just the one-dimensional solid state
heat conduction model of FDS is done in the fast
model. At the ignition of the sample, the external flux
given as a boundary condition is modified by adding
the contribution of the flame that was tabulated in the
step 1 above. This can be done automatically in the
FDS simulation using a device measuring the heat
release rate (the fuel gas mass flow multiplied by the
heat of combustion, no gas phase reaction in the
simple solid only model) over the whole sample
surface. This device is then used together with a ramp,
where the tabulated fluxes as a function of heat release
rate are given, to add the flame flux to the external
flux boundary condition that is applied to the surface.

Step 1 is only done once and it does not matter that it is

computationally a large task. Step 2 is fast, just some

minutes even when a relatively fine grid resolution (2 mm)

is used. The run time of the fast solid only model can even

be made faster using the symmetry. In the quarter of the
sample, there are many grid cells that are equivalent and
there is no need to calculate them all. The gas burner data
is tabulated using the L0 norm (max(x,y)), so there are, for
example, just 10 different surface cells that need to be
calculated when a grid resolution of 5 mm is used whereas
we have used 100 surface cells to represent the quarter of
the sample. Actually, the fast cone model is not sensitive
to the computational (surface) grid cell resolution. The test
calculations showed that using grid resolutions starting
from 1 mm up to 50 mm (same as just one grid cell over
the whole sample due to the symmetry) give almost same
results. The 50 mm case had some variations compared to
10 mm or finer meshes.

Conclusions
Results from fast solid only FDS model are very promising
when compared to full FDS simulations with different grid
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resolutions for acceptable accuracy and significantly lesser
simulation time. The run time of the fast solid only FDS
models were under ten minutes compared to full FDS model
which ran for multiple weeks. The way of modelling the
radiative heat flux and convective heat flux by using results
from gas burner simulations to mimic the effect of them from
the flame back to the surface has proved to work well.
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Introduction

Performance-based design (PBD) is an approach widely
used by fire engineers to justify deviations from prescriptive
guidelines. Central to PBD is the use of simulation tools
such as the Fire Dynamics Simulator (FDS) to quantify the
risks induced by such deviations. However, users must be
familiar with the underlying models, limitations and default
values used. Hence these tools are only as good as their
user.

This study focuses on visibility and the available methods
in FDS for measuring and calculating it. Additionally, an
investigation on the color of light used and type of exit sign
was carried out. It is important to ensure that enough time is
available before untenable conditions set-in during a fire
emergency in order for occupants to escape, that is; available
safe egress time is greater than the required safe egress time
(ASET>RSET). In simple terms, visibility refers to the
maximum distance at which an observer can see an object [1].
It is heavily dependent on many factors including smoke
concentration, illumination, type of exit sign, wavelength of
light, color of exit sign, background contrast level and the
observer’s light perception[2], [3]. However, visibility is
usually simplified as a light a'Etenuation problem [4].

12m

2m

Figure 1. Layout of model - plan (left), exit door (right)

Method for Determining Visibility

There are several ways in which visibility can be determined
in FDS. A common practice is to place visibility ‘slices’ at
desired heights on the z-plane. These slices are then
analyzed in SmokeView to determine the time at which a
particular visibility is lost. Additionally, point devices may
be placed at certain points of interest in large domains or
along exit paths to record the transient loss in visibility.

This common practice by engineers is inadequate for
proper determination of visibility. Firstly, interpretation of z-
plane slice results is subjective, and the loss of visibility
reported by one engineer will differ from another for the same
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simulation. Furthermore, the type, arrangement, number, and
calculation approach of devices used influences the results.

Analytical calculation methods used in models were
originally developed for a homogenous smoke layer and
show be used carefully. This is because such an assumption
is only valid in well-mixed conditions where visibility no
longer becomes a concern. Nonuniform smoke conditions are
more prevalent in practice such as in situations where the fire
is still in its growth stage or where smoke is spilling into a
corridor or balcony from a compartment fire. Under these
scenarios the smoke properties along the entire line of sight
from observer to sign differ and must be considered.

In this study, the setbacks of the above practices are
outlined. Three types of point devices for determining
visibility were investigated — visibility (VIS), extinction
coefficient (EXT), and smoke density (SMD) point devices.
25 devices of each type were arranged on the midpoint of the
corridor, from 10m to the exit sign (Figure 1), along the line
of sight from observer to the sign. A numerical averaging
approach was then employed to determine visibility.
Additionally, two in-built FDS devices that work on the
principle of light attenuation called beam obscuration (BO)
and transmission (BT) devices were also placed at 10m from
observer to exit to mimic a ray tracing technique similar to
the methods proposed by [4] and [6].

Description of Model

A corridor, 25m long and 2m wide is attached to a 5x3m
room of fire origin both with a 3.4m ceiling height was built
in FDS as shown in Figure 1. The room is open to ambient
with a 1x1m window and to the corridor with a 1x2m door.
The exit door of interest is 1.2x2m and was also open to
ambient. The fuel used was toluene with steady HRR of
404.7 kW and a soot yield of 0.18 kg/kg from [7]

Several simulations (table 1) of an identical scenario were
carried out while varying the mass extinction coefficient
(K,,) and visibility factor (C). C indicates exit sign type; 3
for a reflecting (FDS default [9]) and 8 for illuminated signs.
By default in FDS, K, is 8700 m?*/kg (D) [8]. Two additional
K, values calculated using the Widmann correlation [10] for

green (532nm) and blue (405nm) light were also investigated.
Table 1. List of simulations carried out in this study

Simulation | 1 2 3 4 5 6
K,,(m*kg) D D 9088 | 9088 | 11966 | 11966
C () 3 8 3 8 3 8




Results

Simulation results revealed that the type of devices used has
a major influence on the resulting calculation of visibility.
Figure 2 shows results from single point SMD and VIS
devices at 10m and beam obscuration and transmission
devices at 10m. The 10m criteria was selected based on [5].
It can be observed that both SMD and VIS devices suddenly
lost their visibility at approximately 25 and 26s respectively.
The visibility calculated from BO and BT appears to
fluctuate before stabilizing and losing its visibility at 18s.

0 20 40 60 80 100

Time (5)

..... BO S-10 — BT S-10 o= e= e= SMDS-10

= o @ VISS10  esessccse Limit

Figure 2. Visibility at 10m for different devices

Figure 3 shows the calculated visibility using the
nonuniform approach using 25 SMD and VIS point devices
each arranged along the line of sight from observer to exit as
compared to the BT device. Good agreement is achieved for
the visibility calculated using the average of SMD devices
and BT, with visibility lost at 15s and 18s respectively at
10m. The average of the VIS devices however over predicts
the time visibility is lost at 23s and shows a different trend in
the time dependent calculations.

35
30 L

N

0 20 40 60 80 100

Time () e SMD 5-10

@= e= = BTS-10
VISS-10  eessscscs Limit

Figure 3. visibility at 10m using numerical averaging method

Table 2. Summary of results - effect of K ,,, and C on visibility at 10m
Simulation 1 2 3 4 5 6
Time Visibility is | 18 | 21 18 | 20 14 18
Lost at 10m (s)

Table 2 indicates that no major visible difference can be
observed between the visibility recorded for the default and
green K, irrespective of C. This makes sense since both K,
values are close. Visibility using the higher K, is lost earlier
and hence its influence needs to be considered further. This
is because modern exit lighting use cool white LEDs rather
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than green/red LEDs. This means exit signs have a K,,, value
closer to blue due to the strong influence of blue in these light
sources [11] and will therefore lead to earlier loss of visibility
than anticipated.

Conclusion

This study has revealed that current practices may lead to
inaccurate visibility calculations. Interpretation of visibility
slice planes is subjective, and hence is not a reliable
measure of visibility. Using single point devices at a
location leads to overprediction of visibility. The averaging
approach for point devices however gives more accurate
results, similar to BT devices, but only for SMD or EXT
devices and not VIS devices. Engineers are hence
encouraged to use BT devices due to postprocessing
advantages. The type of sign and color of light should be
simulated properly. White light is often used in signs hence
an appropriate K, closer to that of blue light should be
considered instead of the default values given in FDS.
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Abstract

A non-ideal reactor model is proposed to improve the
Eddy Dissipation Concept (EDC) combustion model when
capturing the effect of slow chemistry (Low Da) and week
turbulence (Low Re). The reactor model is tested in a
Moderate or Intense Low oxygen Diluted (MILD) jet-in-hot-
coflow flame, and shown to give desirable effects, i.e., the
reduction of scalars (temperature and species mass fractions),
in certain cases. The outcome of this work is intended to
motivate the development of fire modelling at oxygen-limited
conditions

Introduction

Detailed flame temperature and species data for
underventilated fires is lacking in the literature. Well
documented flames in MILD conditions share some of the
characteristics of underventilated fires, e.g., slow chemistry,
and are therefore, of interest for validating numerical models.
In the present work, the Adelaide jet-in-hot-coflow flame [1]
is simulated in a Reynolds Average Navier-Stokes (RANS)
framework with the focus on the modelling of turbulence-
chemistry interactions.

The standard EDC combustion model [2] with unity
reaction fraction (y=1) has failed to predict MILD flames
accurately.  Therefore, researchers have  proposed
modifications to improve the EDC model by employing , e.g.,
locally modified EDC constants [3] or the variable reaction
fraction [4]. However, other studies, Ertesvag [5] and
Lewandowski et al. [6], showed that the proposed
modifications still have challenges such as the increasing
viscous effect with increasing local Re for the former model
and the ineffectiveness at moderately low Re for the latter
model.

A non-ideal fine structure reactor is proposed as an
extension to the standard EDC formulation for low Re
application. This model determines that the mixing in fine
structures is no longer perfect at a low Reynolds number. This
condition can be described by a continuously stirred reactor
with a non-reacting volume (dead volume). Consequently, the
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corresponding reactor residence time (77 ,,,z) must be shorter
than the quantity from the original model (7*). The expression
for T} ,wre 1s modeled as

Trowre = CfT', (1)
where Cr is a modification factor ranging between 0 and 1. In
this work, C; will be defined as a constant with the purpose to
observe its effect on the scalars of interest.

It is important to note that the dead volume is regarded as
a part of the surrounding region (excluded from the fine
structure region). Therefore, a new expression for the ratio
between the mass of fine structures and the total mass can be
formulated as

. Grp° .
YLowRe Cfpo + p*(l _ Cf)y ' (2)
Here, p° and p* is the density at, respectively, the inlet and
outlet/inside of the reactor.

The reacting volume is treated as a Perfectly Stirred
Reactor (PSR). Therefore, the species mass fraction inside the
reactor (Y)) can be obtained from the steady state solution of
the following ODE equation,

Wi _ R + ! YP =Y 3
dt P* TZowRe * * ( )

The kinetics of each individual reaction is considered in
the calculation of reaction rate (R},) using an Arrhenius model.
The integration time for solving Eq.3 is usually set to a
hundred times larger than 7;,,,re-

Finally, the mean reaction rate (R,) is computed as

R = LR (e v, o)

LowRe

Numerical setup

Simulations were performed using OpenFOAM v.7 in
combination  with  the modified steady  solver
edcSimpleSMOKE [7]. OpenSMOKE library [8] was used to
solve the chemistry. The Standard k-¢ model was applied with
the modification of turbulence model constant C,; = 1.6 fora
round jet. The maximum ratio between the mass of fine
structure region and the total mass is set to close to one, i.e.
Yimax =0.95, to avoid zero division error. The Damkdohler
number is calculated from the ratio between the Kolmogorov
time scale and the chemical time scale obtained from the
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Figure 1. The radial profile of mean temperature, mass fraction of CO2 and OH at the axial location 120 mm downstream of the nozzle for the Adelaide
flames. The oxygen mass fraction of the coflow is 3% (a,b,c) and 9% (d,e,f). The jet Reynolds number is equal to 10000 for both cases. The non-
ideal reactor model is made by applying C; = 0.01.

methane global reaction mechanism [9]. A minimum
Damkohler number is applied, i.e. Da,,;, =0.03, to ensure
(re)ignition [3][9]. Other simulation parameters refers to [6].

Results and discussion

The figure shows simulation results after applying the
non-ideal reactor model with Cr = 0.01. It is visible that the
modification has reduced the peaks of the three scalars for the
case of 3% and 9% O, mass fraction. This confirms that the
combustion model is now able to capture the effect of slow
chemistry at weak turbulence. However, overpredictions of
temperature and OH mass fraction is still present for the case
of 3% O.. Reducing C; further could improve the result but
could also lead to full extinction at some points.

It is important to note that the determination of Da,y,;,
plays an important role in the model as the flame could be
fully extinguished when setting this parameter too low. A
variable Da,,;,was proposed in [9] to improve the results
while ensuring (re)ignition.

The radial locations of the temperature peaks are slightly
deviated from the experimental data probably because the
correction of Cg; = 1.6 is not optimum in predicting the jet
spreading rate, cf. [6]. Therefore, optimization on the
turbulence model could be a solution to this error.

There is a notable difference between the simulation and
the experimental data of the temperature and CO, mass
fraction at the position close to middle axis (r=0 mm). The
inaccuracy of turbulence boundary condition of the fuel jet
could be a factor as the experiment did not measure the
quantity.

Conclusion

A non-ideal reactor model for the EDC fine structures has

been proposed to predict the slow chemistry and weak
turbulent flame, i.e., the Adelaide flame. The results show that
the setting of Cr = 0.01 has decreased the flame temperature
and the mass fraction of CO, and OH.

Further studies are in progress regarding the determination
of Cf as a function of turbulence Reynolds number. More
importantly, the generality of the model will be validated
against, e.g., standard flames.
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Background
Although the number of fire fatalities in dwellings have
generally been reduced during the last few decades [1], home
fires can still lead to loss of life and severe injuries for the
residents as well as damage to their assets, and the majority of
these fatalities are mostly concerned with the vulnerable
groups [2-3]. Therefore, home fires are still considered as a
public socio-economic problem in several countries [4-6].
Furthermore, statistics shows that the most common room
of fire origin for fire victims is the living room [2,7], where
the fatalities have close connections with fires originated from
upholstered furniture [8-11]. On this basis, it can be crucial to
investigate different measures to improve fire safety of
upholstered furniture. One of the practical approaches can be
to study the preventive barriers including the passive fire
safety measures. These measures can even be more vital in
some situations. For instance, considering vulnerable groups,
it cannot be practical to rely only on the active evacuation and
barriers to reduce the consequences, but also to focus on
preventive fire safety measures that can decrease and control
the fire causes and hazards [12], as shown in Figure 1.

Prevention barriers Consequence barriers

—l_—’ s " —— P

Figure 1. Bow-tie model showing the preventive & consequence barriers,

locating respectively before and after the top event of fire [12]

Fire retardants (FRs) can be considered as one of the
passive preventive fire safety measures for upholstered
furniture. FRs are chemical substances that can improve the
fire performance of the fabrics and upholstery foam, and
potentially control or prevent the fire by performing as a heat

barrier (a), modifying the chemistry (b), and/or extinguishing
the flame (c), as shown in Figure 2.

Smoke and fumes
\ (c) Extinguish flame

(a) Heat barrier
* Br/Cl chain breakers

T =
* Flame dilution

* Intumescent
coating
p— Air/Oxygen
Combustible gases

* Heat sink
ﬁ (b) Modify chemistry
. Increase char

combustible

ﬂ volatiles

[ — | Polymer Heat ‘

Figure 2. Schematic diagram of polymer combustion cycle with potential
flame retardation modes indicated as (a), (b) and (c) [13]

Even though the FRs can improve the fire performance of
the materials, the use of current products can have adverse
results of short-term and chronic toxicity on the fire victims,
as well as environmental damage [14]. In addition, during
their synthesis, flammable and otherwise hazardous solvents
are used, and toxic by-products may be generated. Many of
these FRs, mainly the halogenated FRs, have been banned or
restricted [15]. Thus, further research on non-toxic and
environmentally friendly FRs can significantly extend the use
of such measures in society. Such products, which are simple
to use and maintain, easily accessible and have low-cost, can
contribute to a higher level of fire safety in dwellings.

Small scale screening tests

In autumn 2021, a small-scale screening test series was
performed on three types of cotton-based upholstered cover
fabric materials treated with two different types of FRs.

The fabric materials consisted of different cotton and
polyester proportions, named as A. 35% cotton and
65% polyester, B. 80% cotton and 20% polyester, and
C. 100% cotton. The FR identifications and specifications are
explained below. Fire retardant no.1 (F1) is claimed to be an
environmentally friendly product. An aqueous solution
containing 10% phytic acid, NaOH and arginine in 1:3:1
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molar ratio was prepared. The samples were completely
dipped and soaked in the solution for 20 seconds, followed by

heat release (THR), smoke production rate (SPR), and ML.
Further details and results will be presented at the Nordic Fire

drying in air. This was followed by spraying aqueous
aluminium chloride solution to those, and drying again.
Fire retardant no. 2 (F2) is a commercially available product
found on the Norwegian market. F2 is a chemical
impregnation solution, and was prepared and applied on the
samples by the lead author, based on the producer’s
instruction for cotton-based materials. The samples were
dipped in the mixture consisting of 40% FR solution and
60% water. After the samples soaked up the mixture
completely, they were removed from the mixture, and dried in
air. After the treatments, we observed that the treated fabrics
got stiffer compared to the untreated fabric materials. This
attribute can affect the flexibility and comfort of the fabric in
the production and use stage, and further investigations are
needed in order to resolve this issue. F1 and similar FRs have
already been successfully tested earlier on 100% cotton
materials [16-18]. Therefore, it was decided to continue these
experiments on the cotton-based materials. The objective of
the screening tests was to determine the efficiency of the two
chosen measures, F1 and F2, based on NS-EN 1021-1:2014
(smouldering cigarette test), NS-EN 1021-2:2014 (small
flame ignition test), and ISO 5660-1:2015 (cone calorimeter)
[19-21].

The results showed that the untreated materials did not
pass any of the small flame ignition tests and smouldering
cigarette test. The performance observed for both F1 and F2
were promising, meaning that they both had better
performance compared to the untreated material. The results

& Safety Days 2022.
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Introduction

In order to fully understand the environmental impacts of
fire incidents, be it forest fires or construction fires, there is
aneed for quantification of the emission factors. A recent
overview of the environmental impact of fires concluded
that much of the data concerning emission factors is limited
or potentially out-dated [1].

A recent study conducted by Lund University and INERIS
in France aims to create a new database containing emission
factors (EF) of different species for a variety of materials. In
this abstract the focus is on the methodology and results of EF
for CO and CO» developed using bench-scale testing using the
Cone Calorimeter (CC) [2] at Lund University, mainly
compared to large-scale data collected at INERIS.

Experiments

A total of seven materials, wood and plastics, were tested
using the cone calorimeter and FPA [3]. The aim of the tests
was to measure CO and CO; production to quantify the
emission factors for different phases of the combustion
process and compare the two different scales.

The wood materials consisted of solid Pine, Plywood
(PW), Oriented Strand Board (OSB) and Particle Board (PB).
Three plastic materials where tested: High Density
Polyethylene (PEHD), and two types of Poly Vinyl Chloride
(PVC). The difference between the PVC materials is that the
PVC2 has higher heat-, chemical- and impact resistance.

Methodology

The Emission Factor (EF) was calculated as Yield of the
product normalized over the mass of burned material. Using
the mass production of species and mass loss of the sample
the EF can be calculated as follow.

__ X(myxAt)
N my—mz

Eq.1 EF * 1000

Where EF is the emission factor [g/kg], m, is mass
produced of the emission gas [g/s], At is the timestep
between measurements [s], m, is sample mass at the phase
start [g], m, is sample mass at the phase end [g].

The CC samples were prepared to fit in the standardized
sample holder described in ISO 5660-1. Since the PVC

Benjamin Truchot
INERIS, France

Guy Marlair
INERIS, France

expanded while heated the additional metal grid was used to
keep the surface at the initial distance from the heater. Gas
analyser measurements and load cell data was gathered for
1800 s at heat fluxes of 35-50 kW/m? The heat fluxes
variation was due to the creation of a fuel rich mixture around
the igniter at 50 kW/m? for the PVCI.

The large-scale tests were conducted in an 80 m® room at
INERIS. The ventilation of the room was controlled through
a duct which allows for smoke and gas analysis. The prepared
samples had an exposed fire surface of approximately 0.5 m?
and were placed on a load cell in the centre of the room. More
details concerning both sets of tests are available in the
research report [4].

Results

After collecting the measurement data, three phases of the
combustion were defined, flaming, steady and smouldering.
The phases in relation to HRR and production of CO for the
CC-data are presented in figure 1.

The period named steady is determined as a phase of
steady combustion and steady emissions of the species of
interest. The flaming period is taken from the ignition of the
sample until flameout. There are two ways to define the end
of flaming for the wood samples, first is the operator
determined time of entire surface flaming and the other is
looking at the highest rate of change in the CO/CO; factor.
Finally, the smouldering phase is taken from the end of
flaming until the end of the test.

300 - 0.0025
———HRR [kW/m?]
——— CO prod. [g/s]
250 P g . 0.002
Start of Steady
200 End of Steady/Flaming
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———Smoldering
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Figure 1. Combustion phases in relation to HRR and CO prod.




Based on the defined phases emission factors for CC and
large-scale was calculated using equation 1. The calculated
emission factors for the seven materials based on the CC
results are presented in table 1. EFs calculated from large-
scale test of solid pine are presented in table 2.

Conclusions

The EFs calculated indicate that smouldering materials have
the highest release of CO during the smouldering
combustion phase, as expected. Further, the EFs for the four
wood materials are similar, even when comparing solid
wood and engineered wood.

Lastly, the result for the solid pine in the CC compared to
the large-scale indicates that comparable EFs are determined
using the different scales. While preliminary, these results
indicate that the development of EFs using bench-scale
methods can be extrapolated to large-scale events, at least for
major emissions.

Table 1. EF for CO and CO?2 for the tested materials. EF are presented
in [g/kg]. Note that PVCI was tested with a HF of 35 kW/m2.

CO Steady Flaming Smoulder Total
Pine 5 5 155 26
PB 4 5 104 9
PW 5 7 165 19
OSB 4 6 178 16
PVC1 - 65 - 74
PVC2 - 83 - 74
PE - - - 25
HD
CO: Steady Flaming Smoulder Total
Pine 1311 1306 2616 1480
PB 1168 1218 2649 1227
PW 1307 1264 3114 1415
OSB 1307 1264 3114 1415
PVC1 - 549 - 701
PVC2 - 687 - 746
PE - - - 2147
HD

Table 2. EF of CO and CO?2 for large-scale test of pine.
Large EF CO EF CO2
Steady 2 1338
Flaming 9 1527
Smouldering 177 3187
Total 26 1697

BOOK OF ABSTRACTS Nordic Fire & Safety Days

References

[1] McNamee, M., et al., Research Roadmap: Environmental Impact of
Fires in the Built Environment. Final Report, in FPRF Research Report,
F.P.R. Foundation, Editor. 2020, Fire Protection Research Foundation:
online. p. 80.

[2] SIS. (2019). SS-ISO 5660-1:2019 - Reaction-to-fire tests — Heat
release, smoke production and mass loss rate — Part 1. Stockholm:
Swedish Standards Institute.

[3] Brohez S., et al, Fire calorimetry relying on the use of the fire
propagation apparatus. Part I: early learning from use in Europe, Fire
Mater.2006;30:131-149

[4] McNamee, M., et al., Environmental Impact of Fires in the Built
Environment: Emission Factors, Final Report, 2022, Lund University,
Lund.



BOOK OF ABSTRACTS Nordic Fire & Safety Days

FDS -simulation of flame-induced surface heat
fluxes on cylindrical polymer objects during cone

calorimetry tests

Morteza Gholami Haghighi Fard Simo Hostikka

Civil Engineering Department
Aalto University
Espoo, Finland

Aalto University
Espoo, Finland

morteza.gholamihaghighifard@aalto.fi  simo.hostikka@aalto.fi

Keywords:
Cone Calorimeter, FDS, Cylindrical Fuel, PMMA, HT3D

Abstract

Cylindrical polymers are increasingly used in building
components and cabling systems. PMMA cylinders are
widely used as common construction material for the sake of
their aesthetics and ability to substitute inorganic glass [1].
Industrial cables are comprised of polymeric sheath, filler,
and insulation layers in the cylindrical form [2]. Also,
wildland combustibles such as pine needles, twigs, and
shrubs are known to mainly possess cylindrical shapes of
wood polymers [3]. Cone calorimetry is a well-known
standard technique in fire safety engineering for the
assessment of the flammability of the materials. Despite the
fact that the exposed heat flux of the cone calorimeter is
explicitly defined for flat, rectangular samples, its application
has recently expanded to cylindrical polymeric samples as
well. However, the non-characterized physics of the heat
exposure on the curved cylindrical samples has led numerical
simulators to strong simplifications while trying to calibrate
pyrolysis models for these calorimetry experiments. The
modeling simplifications include mapping of the volume of
the cylindrical samples into a rectangular surrogate, and
implementation of one-dimensional heat transfer and
pyrolysis methods, which all lead to great model uncertainties
[4].

The current study aims at characterizing the combustion
physics of cylindrical fuels in cone calorimetry by performing
experiments and 2D numerical simulation on black PMMA
rods with 20 mm diameter. The tests are carried out in two
conditions, namely non-flaming (gasification) and flaming.
Also, two different fuel layouts, placing a single rod on the
sample holder or tight alignment of five rods, are examined.
For modeling, the 2D heat transfer and pyrolysis algorithms
of the Fire Dynamics Simulator (FDS) code [5] are
implemented to solve solid material degradation. The
geometry of the cylindrical PMMA rods is replicated by
putting together multitude of small, 1 x 1 mm? PMMA
obstructions. This novel framework allowed capturing time-

Civil Engineering Department

resolved cross-sectional shrinkage of cylinders upon a good
agreement with experiments. Moreover, the method enabled
the ability to extract more comprehensive thermodynamic
information in the vicinity of rods such as radiative and
convective fluxes, and wall/gas-phase temperature
distributions.

Comparison of gasification and flaming modeling results
provided significant information about the distribution of
flame-induced heating on the surface of the cylindrical
samples. For example, two results for the single rod test case,
one for gasification and another for flaming condition, are
presented in Figure 1 and Figure 2, respectively. The model
shows a 15 kW/m? increase of the incident heat flux on top
of the rod, and an elevated convective heating, with a
distribution on the sides of the rod peaking to about 30
kW/m?, because of the flame. This work included non-
charring objects, however, the current numerical framework
has the potential of further expansion to more complex objects
such as wood rods, where charring physics must be considered
as well.

T
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Figure 1. Simulated heat fluxes and temperature of the sample surface
(left) and continuum temperature (right) for single rod
gasification test.
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Figure 2. Simulated heat fluxes and temperature of the sample surface

(left) and continuum temperature (right) for single rod

flaming test.
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Abstract

In this contribution a new bench scale experiment is proposed.
The new design consists of a tube furnace with additional
installed measurement systems, among others a lever
mechanism allowing for online mass loss measurement. A
detailed description of the set-up is presented.

Additionally, the results of commissioning experiments
will be shown. A simple material with only a single pyrolysis
reaction peak is used for these experiments. The results are
compared to results from a thermogravimetric analysis.

Introduction

Thermogravimetric analysis (TGA) and cone calorimetry are
two small scale experiments often used in fire safety science.
The TGA has well known boundary conditions, like for
example the flow conditions of the purge gas and a controlled
heat flux to the sample. However, the TGA only allows for
very small sample sizes (mg range). The cone calorimeter, on
the other hand, allows for larger samples sizes. However, its
boundary conditions are less well defined, e.g. the flow
velocities around the sample and the unknown heat flux from
the flame. The proposed tube furnace set-up aims to combine
the best of both devices. The tube furnace allows for samples
of around 100 g while having the well-known boundary
conditions like in the TGA. Additionally, the new device
could contribute to an extensive database on pyrolysis to
improve model development, with e.g. the fire dynamics
simulator (FDS).

In order for the tube furnace to be as valuable as the cone
calorimeter and the TGA, an online mass loss measurement
has to be installed. This is why a balance for the tube furnace
was developed. Due to the challenging realization, i.e. the
sample is located in a closed small tube, there have been no
similar experiments build so far.

Description of the set-up

The design of the tube furnace is based on ISO 19700 [1].
It consists of a quartz glass pipe lying in a furnace (figure 1).
The furnace has 11 heating elements over a range of 51 cm.
The quartz glass tube has an inner diameter of 90 mm and a
wall thickness of 2.4 mm. Experiments can be carried out
under both air and nitrogen atmosphere as well as any

Jilich/Wuppertal, Germany

atmosphere of choice. The design allows to conduct both
experiments at a constant temperature, at a constant heating
rate as well as with a constant heating power. Thermocouples
are installed at 11 locations at the outside of the tube furnace.
Small quartz glass tubes are fixed to the glass tube to assure
the position of the thermocouples, see picture la. Several
accesses are added to the glass tube to allow for example
additional thermocouples to be placed at the inside of the
glass tube. The set-up is connected to a gas analyzer
measuring Oz, CO2 and CO. Further connections are
foreseen, in case it would be desired to add more analyses
equipment in the future.

NG ‘ . X
Figure 1. The tube furnace set-up. a) Furnace with quartz glass tube
with specimen boat and additional thermocouples at the
outside of the tube furnace b) the pivot of the balance system
¢) overview picture d) pin connected to the load cell

A schematic view of the balance is given in figure 2. A
lever allows to install a load cell far enough from the oven to
avoid high temperatures at the cell. On the left side of the
lever a sample is placed in a specimen boat. This part of the
beam is placed in the oven during the experiment. Between



the oven and the load cell a pivot is installed. On the left end,
the load cell is located. On the weighing unit a pin is installed.
Its top is in contact with the balance beam. When the sample
on the right loses weight, a force will be exerted on the pin
on the left, which will result in an apparent weight change.
This last variable is recorded by the weighing cell. This way
the weight loss of the sample can be calculated from the
apparent weight change. The vertical position of the pivot and
the weighing cell can be changed, allowing to decouple the
balance beam from the glass tube.

Oven

i Sample | Balance beam |

‘ ’ Pivot Load cell

Figure 2. Schematic overview of the balance installed in the tube

furnace.

Outline of the contribution

This contribution will give a more detailed description of a
new innovative experimental set-up. A detailed temperature
distribution of the furnace will be presented and the
homogeneity of the temperature and the uniformity of the
heating rate will be discussed.

Commissioning experiments of the balance will be
presented. These experiments are conducted with CaCOs
powder under nitrogen atmosphere. The advantage of this
material is that upon heating the following reaction occurs [2]

CaC05; = Ca0 + CO,.
This allows to correlate the data from the gas analyzer with
the data from the balance and to demonstrate the functionality
of the online weighing system and check the plausibility of
the results. Additionally, the results from the tube furnace
with CaCOs are compared to mass loss data for CaCOs in a
TGA.
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Abstract

Fire incidents that involve battery electric vehicles (BEVs)
have attracted considerable attention in the media. However,
there is no statistical data that suggests that BEVs are more
prone to fire accidents than internal combustion engine
vehicles (ICEVs). In 2020 the Swedish fire rescue service
performed 3383 rescue operations involving 4470 passenger
vehicles. Out of these accidents 34 (~ 0.8%) fires “started in
the battery or had the potential to spread to the battery™.!

To ensure continuous safe engineering and development
of BEVs, fire testing of batteries and vehicles are critical.
Large scale fire tests can also provide useful input data for
simulations such as emissions and smoke development
models. These factors are essential for rescue service
personnel to enable development of safe rescue tactics.
Another important aspect, that is covered in this project, is the
environmental impact of fire water runoffs.

Project Background

This research project is funded by the Swedish Energy
Agency and is a continuation of a previous RISE project,
ETOX, "Toxic gases from fires in electric vehicles".?

Results from ETOX indicated that certain metals (Ni, Co,
Li and Mn) and hydrogen fluoride (HF) was found to a higher
degree in gas emissions resulting from electric vehicles,
compared to emissions from the tested internal combustion
engine vehicle.

The continuation of the ETOX project will complement
previous results with more data regarding full scale fire tests
of vehicles. Additionally, analysis of water run-offs resulting
from the use of water upon fire suppression were performed
to assess the environmental impact of vehicle fires.

Full-scale Fire Tests

Three separate vehicle (same car make and model) and one
battery-only fire test was performed; tests included a BEV, an
ICEV, and another vehicle with the traction energy removed
as well as a 50 kWh battery.

A sprinkler system was used to study the effect on
combustion gases upon water application. The test set-up used
allowed for time-resolved analysis of the water run-offs.
Additionally, Microtox analysis, and analysis of the
biotoxicity of the run-off water towards daphnia magna and
green algae were performed.

Results

Ecotoxicity evaluation of the water run-offs indicate a high
level of toxicity for the Microtox and green algae for all
analysed water samples. For daphnia magna the water run-
offs from the ICEV were found more toxic than for the BEV.
The ECso was found at 16.2 and 58.7 v/v%, ICEV and BEV
respectively.

For the combustion gases and soot analysis, results
followed the trends seen in ETOX but the concentrations of
analysed substances were somewhat lower. Interestingly, no
HF could be detected in the combustion gases whilst the
sprinklers were active. Indicating that water application was
very effective in washing out the HF from the combustion
gases. This was further confirmed by the increased fluoride
content in the water run-offs.

Figure 1. Thermal imaging of the BEV during the fire test, (a) before
sprinkler activation (b) sprinklers activated.
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machine protection. This paper will describe the concept of the Quick
Suppression System and show the relation between the

Abstract system response time and fire damage. It will explain the

In industries handling dry and finely divided material, you new fire test protocol and show results from conducted fire

will often find risk areas or machines that are highly tests.

exposed to dust accumulations or a mix of dust and oil.
Even the smallest outbreak of a fire can quickly cause
damages and result in a costly production downtime. If the
fire is not stopped in time it can rapidly spread to other
areas, causing a dramatic increase in costs and severe risk

for personnel. FS D ‘ Nordic Fire &
To solve this problem, a fire protection concept were Safety DayS

developed for protection of critical machines or high risk
areas, based on a protection system with extremely quick
response time. The purpose was to develop a system that
acts quickly enough to avoid damages and production
downtime, thus saving costs and increase safety of
personnel.

There were no fire test protocols that addressed this type
system/fire hazard. Therefore an ISO/IEC 17025:2005
accredited fire test company were contacted and a test
protocol were developed.

The fire test protocol is intended for evaluating the
performance of Quick Suppression Systems intended for the
protection of certain high risk indoor areas typically found
in industry applications such as:

- Planers

- Sanders

- Mills

- Band saws

- Conveyors

- Shredders

- Tissue machines

- Yankee dryers

- Tissue converting machines
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Introduction

In Fire Safety Engineering both the prescriptive and the
performance based approach have always been heavily
dependent on computational modelling. Ranging from step by
step calculations set out in standards for the prescriptive
approach to complex CFD-simulations in performance based
designs. Jensen Hughes has started developing a series of
webtools with intuitive user interfaces to facilitate the usage
of such calculations by fire safety engineers. In this abstract
two such tools are highlighted and discussed in the light of
their advantages and possible caveats. The first webtool
presented here focusses on the implementation of BR 368 and
the Belgian equivalent NBN S21-208-1. The procedures set
out in these standards for smoke and heat control are
implemented and incorporated into a web user interface. The
second webtool introduced here focusses on the Fire
Dynamics Simulator. It enables users to both write and check
FDS code and aims to provide fire safety engineers and FDS
users with an extra layer of quality assurance.

Quality assurance & computer modelling

Quality assurance is a key factor of any engineering project. It
can be implemented on a business level through high level
frameworks such as the ISO 9000 family [1] down to the
individual validation and verification of  calculation
procedures and software.

The exponential increase in computing power of the past
decades as was famously predicted by Moore [2] has provided
engineers with unprecedented modelling capabilities of
physical phenomena. It has enabled engineers to transform
longwinded hand calculations to a mere click of a button and
has allowed them to model structures and fluids to exceptional
levels of detail. On the other hand it has also changed a lot of
calculations to a black box where a series of inputs result in
an outcome which is taken for granted without critical
thinking about the underlying assumptions of the model.

A lack of quality assurance and error checking can easily
lead to engineering mistakes. Notable incidents from the
past attributed to a lack of error checking and quality
assurance within the engineering field include the crash of
the Mars Climate Orbiter and the sinking of the Sleipnir A
offshore platform. The first caused by a mismatch of
imperial and metric units [3], the second caused by an

underestimation of the shear stresses due to an inaccurate
finite element approximation [4]. This goes to show that
even though we are able to model physical reality to
exceptional levels of detail the models still contain explicit
and implicit assumptions that can have a major impact on
the results. Limitations on the outcome of a calculation thus
rely heavily on the assumptions of the software itself on the
one hand but on the user and his inputs on the other hand as
well.

The two tools that are presented in the following
sections aim to help the fire safety engineer in his daily
work processes by streamlining the process of parameter
selection and entry and by incorporating error-checking in
every step of the calculation. The tools aim to provide an
efficient and more resilient approach to fire safety design
processes than the current practices.

zZonel

Smoke zone 1
Restourants

Figure 1. GUI of the webtool implementing different SHC standards

SHC standards

Smoke and heat control is a key factor in enabling safe
passage for evacuees when a fire breaks out in a building.
The BR 368 ‘Design methodologies for smoke and heat
exhaust ventilation’ is a well known reference for designing
such SHC systems [5]. In Belgium the basic design of such



systems is set out in the NBN S21-208-1 outlining the
calculation procedure to be followed [6].

Experience shows that the calculation steps set out in these
standards are often implemented in a spreadsheet making
them error-prone and tedious to employ. The iterative nature
of these calculations additionally makes it hard to optimize
towards different parameters. By implementing these
procedures in a web environment they become much more
accessible and user friendly. Additional advantages include
real-time error-checking and the possibility to change
different parameters on the fly. The webtool is coupled to an
automated report generator providing the user with an
efficient manner of reporting the parameters used and the
results obtained. The user of the webtool should however be
well aware of the inherent limitations of the implemented
method and is encouraged to check the limitations through the
provided guide or the standard itself.

FDS code facilitator

The Fire Dynamics Simulator (FDS) developed by NIST is
one of the most used CFD-tools in the fire safety
engineering community. The correct usage of FDS and its
intricacies is however not something all fire safety engineers
are acquainted with and is usually reserved to a handful of
experts within a company. The webtool developed by
Jensen Hughes aims to facilitate the interaction of FDS
experts and other fire safety engineers and to perform a first
automatic quality assurance check. It allows the user to
select the relevant technical guideline to be applied (e.g.
Belgian best practices for car parks, UK accepted values for
fire and smoke parameters,... ) and automatically creates a
template of FDS code which can then further be altered or
supplemented with additional FDS code. The webtool also
includes a built-in code validator which allows the
responsible quality assessor to validate the FDS code before
starting the simulation. This allows in-house teams to make
a first assessment whether or not there are obvious
contradictions or errors in their code, it also provides
authorities having jurisdiction and notified bodies with the
ability to check if the simulation they have to evaluate
respects the basic requirements of a correct FDS simulation.

¥ FDS Validator

Check the compliance of your FDS input with best practices and standards

Choose FDS file

Choose File  input.fds

Select standard

‘ Choose a standard v

Figure 2. Input screen to the FDS code validator
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Conclusion

Jensen Hughes has started the development of a series of
webtools which can aid fire safety engineers in the efficient
and correct application of calculation procedures. Two such
tools were presented here. A webtool replacing commonly
used spreadsheets for smoke and heat control purposes and a
webtool for the creation and validation of FDS code. The
purpose of the tools is to help in error checking and quality
assurance of the calculations fire safety engineers have to
perform almost daily. The tools provide a time efficient way
of reporting the results by automatically importing the
results into a report template. Nevertheless it has been
highlighted that the engineer should not become complacent
as it has been illustrated that the implicit and explicit
assumptions of models or calculations can have major
consequences for the resulting design.
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Introduction

Stove fires are the most common cause of housing fires in
Finland. This poses a significant risk, especially for older
people and for those with disabilities [1,2]. Decreased
functional capacity exposes to stove accidents, impairs the
ability to react and endangers the evacuation safety in the
event of fire. Building fire hazards relating to the use of stove
may not always be reported to the rescue services if the
smoke damages can be handled by the resident. Therefore,
the official statistics do not reflect the actual annual number
of stove fires.

It is known that stove fires play a significant role in
causing fires and building fire hazards [3] but more
information on fires, their ignition and prevention are needed
to improve safety at home. The aim of this study is to create
an overall picture of the factors that endanger the safety of
the stove. These include typical mistakes in using stoves,
accidents caused by forgetfulness and the materials and stove
types that contribute to the accidents.

Materials and Methods

To examine the impact of different factors in the overall
picture, information on ignition rates, fire ignition
mechanisms and flammable materials, as well as the
prevalence of different stove types and stove safety devices
was obtained. The analyzed data include investigation reports
from the Safety Investigation Authority of Finland (1998-
2020, 35 reports)[4:7], data collected from media survey
(1.7.2020-31.12.2021, 98 incidents) and accident information
from PRONTO (2016-2020,3962 incidents), which is the
database of the fire and rescue service’s official register of
incidents[8].

In addition, a citizen survey was conducted about
close call incidents, self-extinguished fires and fires that were
reported to the rescue services (101 incidents). In this study,
the stove fires include incidents that happened with electric

stoves, including traditional cast iron stove, ceramic, and
induction stove.

Results

The results indicate that the main causes of stove fire ignition
are additional materials stored on or near the stove and
unsupervised cooking. In cooking scenarios, accidents often
occurred when cooking with oil. Also, accidents occurred
mainly with ceramic and cast-iron stoves. According to the
survey, three-quarters of stove fires or fire hazards can be
extinguished or prevented by a resident of the household and
those are not reported to the rescue services. Therefore, the
actual number of stoves fires compared to the official records
in PRONTO database can be up to four times higher. In
addition, the citizen survey indicates that the use of stove
safety technology is still low in Finland. The causes of stove
fire ignition are similar between the media survey and
PRONTO database, but the number of stove fire incidents
reported in media is low considering their actual annual
occurrence.

Conclusion

Because of the low media coverage on stove fires, citizens
have fewer opportunity to learn from the accidents and
identify their prevalence and associated risks. However,
according to previous studies, the number of stove fires can
be reduced with stove safety technology [9]. This should be
considered in addition to informing residents about the
potential hazards. On the other hand, security technology is
still scarce in Finland and its financing has not yet been
organized in the municipalities. If the resident is unable to
obtain it their self, there is no procedures that guarantee it to
those who most need it.

In future, more research is needed to obtain
information about fire ignition with different stove types and
stove safety devices. There is currently an on-going stove fire
project in Finland that aims to fill the gap in research. Also,
educational material for citizens on stove safety will be
conducted in this year.
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Background

In the night to 7" of August 2021 a fire started in an apartment
building outside the city Bergen in Norway. The building had
been built in 2012 and had four floors with a total of 24 flats.
Each flat was equipped with smoke detectors and a sprinkler
mitigation system. There were balconies covered with wood
cladding outside each flat on the fagade where the fire started.
The building was used as municipal housing for people with
drug addictions. The building was continuously supervised
by municipal housing personnel or security guards on site.

The fire is described in an evaluation report by Bergen Fire
Department [1] and most probably started on a balcony at the
ground floor. The fire was spreading to the whole fagade with
high velocity and intensity. The fire service, arriving on scene
11 minutes after receiving the alarm, had no possibility of
extinguishing the fire. However, when the fire service arrived
all occupants were already outside the building and nobody
was injured. Figure 1 shows the fire development as described
two hours after the fire service arrived. Figure 2 shows the
building after the fire.

This fire was soon identified as having a great potential for
finding learning points that may benefit the fire safety work in
the society, and a multidisciplinary group in the Fire Research
Centre (FRIC) was established for analysing the fire. The
group also included experts outside FRIC. The case study is a
part of the FRIC project Learning from fire investigations.

Objectives
Two main questions were set as goals for this project to
answer:

1. Why did the fire develop so rapidly and grow so
large?

2. Given the rapid fire development, why were no
occupants injured despite the fact that they are
considered as being especially at risk in a fire
situation?

Figure 1. The south facade about two hours after the fire alarm (photo:
Bergen Fire Department).

Methods and materials

To answer the first main question, it is of interest to assess if
the building satisfied the fire regulations at the time when it
was built. To do this the documentation of the fire safety
design has been analysed. It is also evaluated if relevant
revisions of the fire regulations after the fire would have had
any impact on the fire safety if they were implemented.

The wood cladding on the balconies was obviously an
important factor for the fire spread, and a question is if the fire
behaviour of this specific product were comparable to the fire
behaviour of ordinary untreated wood. Since the fire occurred
after a period of dry summer weather, the moisture content
(MC) in the cladding may also have affected the fire spread.
The critical heat flux for ignition of the cladding with different
MC content has been studied using the method described in
ISO 5660-1 2015[2]. The test material was taken from the
wooden cladding on the undamaged side of the building. Both



the original cladding from 2012 and cladding mounted in 2019
have been tested.

To answer the second main question, a mapping of the
evacuation process is made. Information from interviews with
the fire service and the police arriving on the scene, and
information from their reports after the accident, is combined.
Their reports contain interviews with the occupants and the
security guard working in the building the night of the fire,
which give invaluable insight.

Results

The project is not finished when preparing this abstract, and
the final report will be finished during early summer 2022.
The report will present the learning points and possible
recommendations. Some results are presented below
regarding main question 1:

- The choice of wood materials for construction of the
balconies and wooden materials were also chosen in
the load bearing construction for the balconies
contributed to the available combustible material
(fuel) for the fire.

- A sprinkler system was not installed on the
balconies, this could have prevented the initial fire
from spreading to other balconies. It would also
have activated a much earlier alarm signal to the fire
service.

- Weather conditions such as the wind during the fire
and the dry and warm weather in the week prior to
the fire are thought to have had impact on the fire
spread.

- Occupants of the building were known to
accumulate possessions in their apartments and on
their balconies and in this way contributing to the
available fuel to the fire.

Results regarding main question 2:

- Strong relationship ties made the occupants
evacuate each other, however bad the nature of the
relationship.

- Having a more nocturnal circadian rhythm resulted
in almost all occupants being awake during the fire.

- Only fire on the balcony side of the building and not
on the access balconies and stairwell made the
occupants able to evacuate through their main
entrance doors, which in general would be the first
choice of evacuation route.
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Figure 2. The apartment building after the fire. Photo: RIS Ftr
Research.
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Abstract

A literature review of methods where different hazards are
combined into a single multi-hazard assessment method is
presented. To directly combine hazards, it is necessary to
present them with the same unit of measure. This can be done
in a variety of ways, e.g. by normalizing or using weights, to
create a level playing field as it were. Maps are often used to
gain an understanding of the spatial distribution of the hazard
as well as the hazard level. No specific method or tool that can
be directly applied directly for relevant hazards in Sweden has
been found in this review. However, several general principles
and methods that are identified as valuable for future research.

Introduction

The world is facing enormous challenges in terms of access
to resources, increasing and diversifying population, and
extreme weather events and natural hazards, e.g. the global
impact of wildfire is staggering. The Joint Research Centre
(JRC) estimates an average number of wildfires of 41 452 and
burn area of 333 200 ha annually (2010-2019) in Southern
Europe (Portugal, Spain, France Italy and Greece) [1].
Further, the cost of the Swedish summer fires of 2018 were
estimated to be 370 million € in net value loss based on final
product value of the burnt forest land [2]. Further, global loss
due to wildland fire is presently greater than at any time in
the past [3]. The impact from wildfires are not only associated
with the event itself; for instance, exposure to particulates has
an impact of lung conditions, wildfires can also change
nutrients in impacted areas and have far-reaching impact on
ecosystems in general [4].

Efficient management to minimize the vulnerability of
society to hazards requires an assessment of hazards and risks
that involves information concerning the type of potential
event, the probability of a specific event, and the potential
consequences of an event. In the case of wildfire, variables
like temperature, moisture content and wind velocity are used
to create indices and hazard maps to represent the wildfire
danger.

A society’s exposure to hazards and the magnitude of
potential consequences can be expressed using a so-called
risk index. Risk indices can be constructed for different types
of hazards and they can be applicable to different areas and
levels of the society, from individual buildings or facilities to
countries or even entire continents. In a project financed by
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the Swedish Civil Contingencies Agency (MSB) and
FORMAS, a multi-hazard risk assessment tool is being
developed to assist prediction of emerging risks on a local,
regional, and national level to support various stakeholders
for strategic training and resource planning. The tool will
combine single hazard indices with a focus on wildfires
(forest and WUI) and flooding/storms (urban and coastal).
The objective of the work presented in this short paper is
to review different multi-hazard approaches and how
different hazards can be combined into a single tool.

Methodology

The methodology applied in this work has also been applied
in previous studies of single hazard prediction tools [5, 6] and
represents a systematic literature review, see figure 1.
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Figure 1. Methodology used in literature review.

A total of 92 titles were reviewed with approximately 30%
yielding sufficiently relevant for full review. Selection for
full review was based on identification of multi-risk tools
with a focus on natural hazards.

Results and Discussion

Based on the review conducted, it is clear that there are a
number of methods that have been presented in the literature
for the assessment of multiple hazards (see e.g. [7-10]). The
short paper will present a summary of principles for
standardizing hazards, relationships between hazards,
method to combine single hazards into multiple hazards and
some examples of existing multi-hazard tools.



Conclusions

This study identifies the need to transform different hazards
into the same unit of measure to be able to compare them as
one of the main challenges of this type of index. This is
typically done using some qualitative nomenclature or by
normalising the hazard values. However, there may be no
clear maximum value (which could preclude the calculation
of normalised values) and in many cases data is lacking
causing the adoption of qualitative assessment methods. A
less sophisticated way of combining hazards could be to
overlay the hazards on a map to illustrate areas where high
index values coincide. This is one potential method to
combine existing hazard indices without transforming or
normalizing them at the start of an analysis. Alternatively,
one could combine numerical hazard indices using weighting
of the wvarious indices. This latter method has the
disadvantage that it may be difficult to identify the different
weights of the hazards.

Even though hazard relationships have been studied in the
reviewed literature, there is no standardized way to take
synergetic effects into account. This needs to be done on a
case-by-case basis, and connections between the hazards
included in the project should be evaluated to be able to
include any significant synergetic effects that might exist.

In most of the studies reviewed, maps are used to illustrate
the hazards or combination of hazards. This is a method that
makes it easy to understand spatial distribution of the hazard
as well as the hazard level. The latter is often illustrated with
color codes.
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Abstract

Motivation and background

Reinforced concrete (RC) elements are often vulnerable to
accidental actions, such as fire hazards, explosions,
earthquake action, etc. The collapse of Ronan Point
Apartment Tower (UK, 1968) and Alfred P. Murrah Federal
Building (USA, 1995) are just two cases of RC buildings that
have collapsed, due to a gas and a manmade explosion,
respectively. The demolition of Liverpool car parking UK,
2017 (Mail Online, 2018) or the Paramount Boulevard viaduct
in California, USA, 2011 (L.A. NOW, 2011), both due to the
extensive damages caused by vehicle fires, are also another
indication of the vulnerability of R.C. structure to accidental
actions and the significant economic losses they can cause
(Qin, et al., 2022).

It is therefore extremely important to account for such
actions in the design of R.C. structure. This requires the
availability of advanced design tools, such as finite element
analysis (FEA), as experimental testing is often impractical in
such cases, due to safety concern and very high costs.

However, building reliable nonlinear numerical model of
R.C. element is quite complex and requires a high expertise of
the user and an extensive validation of the results, due to
several computational issues, such as strain localization and
objectivity of the solution (Bontempi & Malerba, 1997;
Carstensen, et al., 2013)

As a consequence, even simple 2D models of R.C. beams
can provide inconsistent results in term of stress and
deformation and wrong estimate of the capacity. For example,
in Figure 1 (top and middle), an inconsistent deformed shape
is obtained, due to inaccurate modeling of the boundary
conditions (application of restraint and loads, respectively). In
Figure 1 (bottom), stress localization emerges due to
inaccurate modeling of the smeared cracking in tension.
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Figure 1 Examples of unreliable results due to localization phenomena

Purpose and method

Aim of this study is to highlight the main factors that can
lead to unreliable results when modeling the response of R.C.
to collapse and provide practical guidance in setting up
accurate yet simple models to investigate the nonlinear
dynamic response to R.C. elements to accidental actions.

In particular, a cantilever RC beam is taken as a case study
to investigate the effects of the following factors:

1. boundary conditions;
2. material model;
3. grid size.

The analyses are carried out in two different commercial
FE codes, where two different users implemented independent
models of the same beam. The results are discussed in term of
modeling choices and accuracy of the results and a
comparison between the two codes is provided with respect to
the prediction of the beam bending capacity.

Models and results

A cantilever beam of length 6 m is modeled in Diana and
Abaqus (see Figure 2). The beam has rectangular cross-
section of dimensions 0.3 m x 0.6 m (width x height) and is
reinforced with one top and one bottom steel bar, each having
an area of 980 mm? and a distance from the centerline of the
bar to the closest concrete edge of 0.05 m.

In ABAQUS, a 4-node bilinear plane stress quadrilateral
(CPS4) element and a truss (T2D2) element are used for
concrete and steel, respectively. In DIANA, a f4-node
Q8MEM element is used for the concrete, and embedded
reinforcement is used in this model.

Figure 2: 2D model of the R.C. beam in Abaqus

Firstly, the effect of different modeling of the boundary
conditions is investigated. A uniform axial load applied on the
free end of the beam is considered and modeled as:

a. distributed load on the elements’ surface;
b. concentrated forces on the nodes;

load applied to a rigid plate connected to the beam end
in such a way, that the adjacent nodes of the beam and
the plate must have the same horizontal displacement,
but can freely and independently move vertically.



The three numerical results have remarkable differences,
as seen in Figure 3 and indicate that a careful modeling of the
boundary condition is paramount and that, specifically, the
use of a rigid plate can solve issue related to inconsistent
deformation and stress localization close to the boundaries.

Surface load | Nodal forces | Rigid plate

Loading _ |
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Beam
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Figure 3: Effect of load modeling on the deformation of the beam end

Secondly, the choice of the concrete material model is
investigated and in particular, the following models are used:

i. smeared cracking - tension stiffening definition in

strain (abbreviated as "smear-strain");

il. smeared cracking - tension stiffening definition in
displacement (abbreviated as "smear-disp. ");

iii.  concrete damage plasticity model - tension stiffening
definition in strain (abbreviated as "CDP-strain");

iv.  concrete damage plasticity model - tension stiffening
definition in fracture energy (ref. to as "CDP-Gf").

For the steel material, an elastic-plastic stress-strain
relationship is assumed, as usual. The results indicate that the
material model in compression has little influence on the
capacity (Figure 4 top), but convergence problems can lead to
early abortion of the analysis for some tensile material models
(Figure 4 bottom).
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Figure 4: Pushover curve in compression (left) and tension (right)

Thirdly, the effect of mesh size is investigated. It is well
known that the modeling of the tensile behavior of concrete
cracking through a smeared-cracking approach, as the one
typically adopted in most analyses and also considered here,
leads to a dependency of the strain definition on the mesh
(Cervenka, et al, 1990; Feenstra & De Borst, 1995).
Furthermore, limits on the maximum and minimum allowed
mesh size arise from interaction with the steel and consistency
with the elastic and plastic phase definition of the materials
(Carstensen, et al., 2013). The minimum limit is particularly
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challenging to respect, as it hinders an accurate meshing of the
concrete rebar cover and, in general, a good representation of
the stress distribution along the section, which, in turn, lead to
lack of accuracy in the estimate of the capacity.

The effect of the mesh is shown on the top chart of Figure
5, where the bending capacity of the beam under distributed
vertical loads is obtained by means of a static incremental
analysis. The bottom chart of Figure 5 reports instead a
comparison between the analytically calculated capacity and
that obtained with the most appropriate mesh in Abaqus and
in Diana. Both numerical models show a little overestimation
of the capacity, but are capable of predicting the overall
behavior of the beam in bending and are deemed sufficient to
be used for further simulation under accidental actions.
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Figure 5 Pushover of the beam in negative bending. Top: Calibration of
the mesh; bottom: validation of the two numerical models
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Abstract

This article addresses uncertainties in university laboratories
as an important feature to consider in the safety
management system. An incident with bitumen heating at a
university laboratory implied vapor and aerosol exposure for
employees and students. The article is based on a literature
review, observations and interviews with the industry
involved with bitumen-based products. Universities, like the
University of Stavanger are stating visions such as;
“challenging the well-known and exploring the unknown”,
meaning that being innovative is a paramount value of the
university. Being successful in this respect might
overshadow sound safety precautions at laboratories, and we
will exemplify this with the “well-known” substance,
bitumen.

Bitumen

Bitumen has been exploited for many decades, obtained from
non-destructive vacuum distillation of crude petroleum oil. It
is black or brown solid or viscous liquid. Bitumen is a
complex mixture of naphthenic, aliphatic and/or aromatic
hydrocarbons and heterocyclic compounds containing
sulphur, nitrogen and oxygen [1]. The application areas vary
from pavement and asphalt layers to construction materials
needed for water protection. These applications raise
interesting issues for technical university programs involved
with the bitumen value chain. At the University of Stavanger
these programs are related to the petroleum technology
studies, civil and mechanical engineering studies and
material technology studies.

University laboratories need access to hazardous
substances in their educational activities. The laboratory
engineer faces numerous goods of which they need to know
associated risks, both related to acute events as well as long
term health conditions. Data sheets are important
documentation, but this information might be poorly founded,
it might not cover the products being processed or it might be
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neglected by laboratory personnel. There are many
challenges, to which job safety analyses could be powerful
tools.

Laboratory tasks

The University of Stavanger has many and varied tasks
related to bitumen. Some student projects are as follows,
partly or entirely executed by laboratory technicians:

e Fraass fracture point (cf. Norwegian Public Road
Administration handbook — R210) - is the
temperature at which bitumen reaches critical
stiffness and breaks. The treatment includes heating
of the bitumen binder and working with the material.

e Softening point (R210) is the temperature which a
binding material reaches a specific yield strength,
under standardize conditions. Again, bitumen is
heated.

e Needle penetration of bitumen. The goal of this test is
to identify strength responses, under varying loads,
temperatures and time scales. These tests are often
connected with Fraass fracture and softening points.

e  Production and compressing asphalt. Test samples are
prepared for Marshall stroke compressions.

Tensile strength of bituminous materials.

Identifying bitumen contents of various asphalt
samples. The samples are placed in a preheated
combustion chamber (>500 °C), and burnt.

e Bachelor and masters study projects are mostly
related to development and testing new construction
materials partly based on bitumen-based products, for
example asphalt with recycled plastic granulate or
paving stones with  bitumen-based sealing
compounds.

For most laboratories the work on bitumen is an integral
part of the total activities involving students, technicians,
researchers and supervisors. It could be a highly complex
organization with simultaneous activities that might hold
hazardous substances produced in an environment with
significant uncertainties.



Uncertainty in laboratory works

There are uncertainties present. Uncertainties are often
suppressed and given less attention in the laboratory’s daily
work. The uncertainties could inter alia be based on lack of
scientific knowledge, system complexity, erroneous data or
insufficient working procedures. Working with bitumen raises
concerns about health effects, especially within a university
laboratory that consist of confined spaces with sometimes
unclear ventilation conditions.

In an effort to go deeper into a more basic understanding
of uncertainty our knowledge is quickly challenged. What
exists? How do we know what exists? What can we know
about it? Aiming these questions at uncertainty reveals that
interpreting uncertainty as existing in any ontological sense is
difficult to defend. In the laboratory setting working with
uncertainty should be connected with the strength of
knowledge, which is related to those involved in the activities
holding uncertainty.

State of the art — uncertainties of bitumen exposure

Bitumen is a commercial product involving interests that
might be seen as biased. Secrecy related to composure,
product development and the activities at the various
production sites enhances uncertainties. There seems to be an
influence in the scientific works as well, with unclear
conclusions and often understudied phenomena. A critical
review of literature addressing health effects is Kriech et al
[2], who concludes: “As part of our analysis, modified
Klimisch ‘quality’ ratings have been adapted and assigned to
each of the reviewed human mechanistic studies
(Supplemental materials), resulting in only a limited number
being considered adequate for assessing the genotoxicity
potential of bitumen or bitumen emissions”.

Below we present some important findings from the
literature:

Bolliet et al found that: “Results showed that composition
of bitumen emissions is influenced by temperature under
studied experimental conditions. A distinction between the
oxidized bitumen with flux oil (industrial specialty bitumen)
and the remaining bitumens was observed. Under typical
temperatures used for paving (150 °C —170 °C), the total
organic matter (TOM) and polycyclic aromatic compounds
(PAC) concentrations in the emissions were low. However,
bitumen with flux oil produced significantly higher emissions
at 230°C, laden with high levels of PACs. Flux oil in this
bitumen mixture enhanced release of higher boiling-ranged
compounds during application conditions. At 200°C and
below, concentrations of 4-6 ring PACs were <6.51 pg/m3 for
all test materials, even when flux oil was used.” Emission
temperature-process relationships are important to guide
industry decisions to reduce worker exposure during
processing and application of hot bitumen [3].

Exposure to vapours and aerosols of bitumen induce an
inflammatory response on the lower airways [4].

Van Thriel & Marchan [5] summarized the human
bitumen study with the following statements:

e Bitumen exposure did not cause genotoxicity but

subchronic inflammation of the upper airways.

BOOK OF ABSTRACTS Nordic Fire & Safety Days

e  Quantification of bitumen-derived matter in aerosols
still remains a challenge. Differences in sampling and
analytical methods should be considered.

e Processing temperature of bitumen is critical for
exposure. Therefore, reducing the processing
temperature represents an efficient protective
measure.

e Urinary levels of polycyclic aromatic hydrocarbons
(PAHs) are only of limited value when it comes to the
biomonitoring of bitumen-exposed workers, because
(1) the PAH content of bitumen is relatively low, (2)
cigarette smoking has a strong influence, and (3)
additives are increasingly used in asphalt mixtures.

e Overall, it is unlikely that bitumen exposure at the
workplaces causes DNA damage

e Bitumen exposure did not cause a relevant increase in
micronucleus frequencies in peripheral blood
lymphocytes of workers

Schulte claims that uncertainties should not preclude
appropriate public health actions to protect workers in the
event that asphalt fumes are found to be a carcinogenic hazard
[6]. It is a challenge to university management to provide open
and unprejudiced decision processes addressing laboratory
health and safety.

Concluding remarks on how to deal with
uncertainties in laboratories

The incident with bitumen heating that implied vapor and
aerosol exposure raised discussions. The event was the
starting point of the study, but our concern was the strength of
knowledge related to bitumen experiments. The scientific data
and how this is acknowledged in procedures and incident
investigations are part of the uncertainty picture. Uncertainty
as a concept is related to strength of knowledge, but it contains
other aspects as well, both reducible and irreducible features.
This paper discusses uncertainty aspects using bitumen as an
example.
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Abstract
In the recent years, numerous fire incidents in parking
facilities are reported, causing immense damages. Both by an
increased number of involved vehicles and structural
damages on the facilities. In the same period, the vehicle
industry has undergone somewhat of a revolution.
Noncombustible materials are replaced with
lightweight alternatives that are often much more
combustible, while at the same time the dimensions of the
vehicles have increased. Furthermore, new fuel types are
introduced to keep up with a more environment friendly
society. However, several building codes have not followed
this evolution and are still based on decades old standards [1].
Especially when it comes to enclosed parking facilities
smaller than 1,000 m?, the Danish codes only prescribe few
requirements to limit fire spread. Thus, the aim of this master
thesis project [2] has been to investigate the effect of
additional fire protection measures to minimize the risk of

Figure 1: Flame spread in one of the simulated scenarios.

high consequence fires.

The work of this project has investigated, how the
implementation of various fire safety measures effected the
consequences, and risks of fire propagation in such enclosed
parking facilities. The selected safety measures included
sprinklers, mechanical and natural exhaust systems,
mechanical fire ventilation and flame shields. The design
dimensions and parameters were primarily based on the
current Danish legislation [3]. This was done by conducting
an initial qualitative risk assessment, to determine which
scenarios of the different safety measures would be most
relevant to evaluate, by means of expected consequences.
The selected scenarios were then simulated in FDS, using a
complex vehicle model that was developed, verified and
validated, especially for the simulations.
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Subsequently, the scenarios were evaluated to
quantify the amount of destroyed concrete slabs and directly
involved vehicles. These consequences were then used to
reevaluate the risk assessments by quantitative measures, as
the consequences were more precise. From this, it was
possible to compare the different fire safety measures by their
risk levels and assess which provided the most effective
results.

From the simulations of the base layouts, it was
found, that the extent of the fires was dependent on the
vehicle loads. It was observed that the base scenario with
maximum vehicle load resulted in a fire, with a possible
spread to all vehicles. Moreover, it was observed, that the
maximum vehicle load in the base layout resulted in
significant consequence levels, that possibly could lead to
structural collapse. Based on the quantitative risk assessment,
it was found, that implementing an automatic fire sprinkler
system resulted in the greatest reduction of risk levels. The
automatic fire sprinkler systems were able to contain the fire
to involve a maximum of four vehicles and was not as
dependent on the vehicle load as the base scenarios.

The implementation of flame shields did also show
promising reductions of the expected risks. Indications of
domain and layout dependencies were observed, thus limiting
the conclusiveness of the findings. The automatic fire
sprinkler system and flame shields reduced the risk levels to
approximately a fifth and a third of the base layout,
respectively. Implementation of fire protection measures,
where the degree of ventilation was increased, resulted in
greater extent of the fires. The fires involved more vehicles
and propagated at greater rates, compared to the base
scenarios. Ultimately, the risk levels were higher than in the
base scenarios.

Temperature profiles at expected times of arrival of
the fire services were evaluated. The conditions were found
to be inadequate for entry in the base scenarios and scenarios



with increased degree of ventilation. The conditions in the
scenarios with a sprinkler system or flame shields were found
to be more favorable.
Summary of validation and verification study
The simulation models were initially verified on a sub-level
and as complete models. The sub-level verification was
carried out by a sensitivity study of each implemented sub-
model, where the behavior of the pyrolysis sub-models was
analyzed in mesh resolutions of 25 mm, 50 mm, 100 mm and
200 mm. The prescribed (ramp controlled) sub-models were
verified against input values in mesh resolutions of 100 mm.
It was found in the verification studies, that the pyrolysis
sub-models performed with a mass error of maximum 0.1 %,
an energy budget error of maximum 3.25 % and a heat release
error with a maximum error of 3 % with respect to the input
values, corresponding bulk densities, in a mesh of 100 mm
cubic cells.

Igniting car
e

P

Downstand

Thermocoupl

Figure 3: Simulated domain in the validation studies [2] of BRE
Tests, recreated from [4]. Green dashed lines are depictions of
thermocouple trees.

The prescribed sub-models were verified with a maximum
heat release error of 0.4 % in the 100 mm mesh, and with
outputted HRR curves being almost identical with the input
ramps. It was found that the mass errors determined for the
sub-models are in fact scalable to the full vehicle, with mass
errors of maximum 0.4 %.

In a wvalidation study against physical, full-scale
experimentation carried out by [4], involving fire spread
between vehicles the simulated flame spread characteristics,
multivehicle PHRR and growth rate was validated during the
stages of fully involved fires. Parameters as growth rate, time
for ignition and temperature were captured in great similarity
with the experimental data. However, the mesh resolution
showed incapable of capturing local flame spread within the
cabin of the igniting car, which was deemed acceptable due to
the scope of the project being related to the flame spread
between vehicles — which was recreated sufficiently.

Implementation of sprinklers in the simulation produced
fires being controlled at similar levels as the experimental
results. Furthermore, the initial part of the decay phase was
reproduced in great similarity for sprinklers with activation
temperature of 141 °C. Near flame temperatures were
reproduced in correspondence to the experimental data during
the fully involved fire stages. The peak temperature of the hot
gas layer was determined to be exaggerated in the FDS
sprinkler simulations by approximately 70 °C 80 °C.
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Figure 2: HRR curve from BRE Test 1, reproduced from Figure

2.9.2 in [4] (black), along with simulated data [2] (green).

What has happened since the publication of the

thesis?

Since the publication of the thesis that this paper is based on,

a large research paper publicized by the National Housing

and Planning Agency [5]. The report is done as literature

research on the newest studies in the experimental fields of
vehicle fires, lithium-ion battery fires and reports from actual
fires involving wvehicles in parking facilities. The
recommendations and conclusions are clear, of those are the
following, relatable to this paper and the thesis behind it

(freely translated from [5]):

- “Fireventilation is not necessarily a useful fire technical
installation to prevent fire spread between vehicles.”

- “A single burning vehicle with a high HRR is not
necessarily critical in for parking structures, however,
the greater HRR is contributing to fire spread rapidly
will become critical.

- “The risk of fire spread between vehicles must be
lowered. Sprinklers are the most effective and should be
used for parking structures greater than 150 m°.

- “Itis the entire fleet of vehicles, and not only electrical
vehicles, but that also give rise to a reconsideration of
the guidelines for fire protection of parking structures.”

All the above conclusions and recommendations are greatly

in line with the conclusions and considerations made in the

thesis behind this paper.
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Abstract

Cooking -originated fires form a significant fraction of all
home fires or fire dangers. Many of these fires are detected
and intervened before the fire spreads outside the close
vicinity of the cooktop. In such situations, fire services need
to decide if the occupants can stay in the apartment or if they
should temporarily leave elsewhere but they are lacking
means to estimate life safety after small fires or overheating
accidents.

In this work, we measured the ignition and burning
characteristics of common food and kitchen items. Produced
smoke was collected in a 10 m? test room. Concentrations of
various gases were measured continuously using Fourier
Transform Infrared (FTIR) method and, after a mechanical
ventilation, the polycyclic aromatic hydrocarbons (PAHs),
volatile organic compounds (VOCs) and carbonyl compounds
were measured using active sampling. This presentation
shows the experimental method and preliminary results.

Introduction

Half of the US home fires were caused by cooktops in 2013-
17 [1]. The Finnish statistics of cooktop fires are presented by
Kuurne et al. [2]. Unattended cooking or forgotten materials
are the most common reasons for cooktop fires.

Pyrolysis and combustion of cooking substances and
kitchen appliances has been found to produce high
concentrations of hazardous chemicals and particles [3][4].
Harmful or carcinogenic gases are commonly found, such as
formaldehyde, benzene, and polycyclic aromatic hydro-
carbons (PAHs) [5][6].

Because stovetop fires are often limited to a part of the
apartment, many occupants can stay in their homes once the
apartment is ventilated. The lack of information on the quality
of the post-fire indoor air means that occupants may
unknowingly be exposed to dangerous levels of chemicals.
More information is needed to help the rescue services decide
whether staying in the household is safe for its occupants.

Department of Civil Engineering

Materials

Thermal characteristics of three different electric cooktops
were first characterized: electric coil (Rosenlew), ceramic
glass (Rosenlew) and induction (Electrolux), both alone and
with cast iron, carbon steel, or aluminum pans.

Food materials included olive, canola and sunflower oil,
sausage, fish fingers, and minced meat. Solid kitchen
materials were pizza box, paper towel, Low-density
polyethylene bags, and potholders.

Experimental method

Cooktop and (empty) frying pan temperatures were measured
with 0.5 mm thermocouples and Infrared camera, along with
the time-dependent power consumption of the cooktops.
Ignition times of different items were then recorded, and heat
release rates measured by leading the fire effluents to the
exhaust duct of an ISO 5660 cone calorimeter.

Gas concentrations were measured in a 10 m? test room
with aluminum paper surfaces, controllable mechanical
ventilation, and a mixing fan. Test consisted of 15 min to 60
min heating period, 16 min ventilation (four air exchanges)
and post-ventilation gas sampling period, during which the
room was closed. During the room tests, we measured cooktop
and gas temperatures, continuous gas temperatures using
FTIR analyzer. The post-ventilation samples were collected
through pipes inserted through the room walls. The samples
were analyzed by a certified laboratory. The VOCs were
sampled for 20 minutes at 0.100 mL/min (Tenax TA-
Carbograph 5 TD) and analyzed with thermal desorber-gas
chromatography-mass spectrometry (TD-GC-MS).
Compounds were identified from pure reference standard, and
NIST and WILEY libraries. Concentrations were reported as
toluene equivalent. The limit of quantification (LOQ) was on
average 4 ng/sample. Carbonyls were collected for 30 minutes
at 1 L/min (DNPH-Silica cartridge). Thirteen carbonyls were
analyzed with HPLC-UV according to ISO 16000-3:2011
(LOQ 3 pg/m*, LOD 1 pg/m?3).

Results
In general, the frying pan peak temperatures were higher with
electric coil and ceramic glass cooktops, but the induction



cooktop produced faster response and highest temperatures
with aluminum pans. Fig. 1 below shows the measured peak
temperatures for plain cooktops (half and maximum power)
and three different pans at three types of cooktops.
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Figure 1. Cooktop and frying pan peak surface temperatures. EC=electric
coil, CG=glass ceramic, IC = induction cooktop. Full power was
used with the pans.

Post-ventilation concentrations of airborne carbonyls are
shown in Table 1 for minced meat, fish fingers and canola and
sunflower oils. Formaldehyde, acetaldehyde, acrolein, and
hexaldehyde accounted for the highest single carbonyl
emissions. Over 60 % of the total carbonyl emissions
originated from substances classified from possibly
carcinogenic to carcinogenic to humans [7].

Table 1.  Post ventilati concentr of carbonyls with IARC
classifications [7].
compounds TIARC concentration (pg/m?)
group * minced  fish canola sunflower

beef  fingers oil oil
formaldehyde Cl 1 95 87 82 83
acetaldehyde C2 2B 110 75 53 51
acrolein C3 2A 60 33 95 140
propionaldehyde C3 - 0 21 28 27
acetone C3 - 52 31 21 14
crotonaldehyde C4 2B <3 14 7.4 52
butyraldehyde C4 - 47 15 16 19
methacrolein C4 - 6.1 0 0 0
2-butanone C4 - 19 10 6.6 6.9
valeraldehyde C5 - 30 12 23 30
hexaldehyde C6 - 33 35 60 95
benzaldehyde Cc7 - 7.6 19 8.2 8.7
3-methylbenzaldehyde C8 - 0 0 0 0
Total 462.7 352 400.2  479.8

Total volatile organic compounds (TVOC) concentrations
from the same materials varied between 900 and 1900 pg/m?3.
A large proportion of TVOC concentrations originated from
hydrocarbon mixture (630-920 pg/m?®) and/or mixture of
unidentified compounds (55-370 pg/m?).

Conclusions

The TARC has classified formaldehyde, acetaldehyde and
acrolein from possibly carcinogenic to carcinogenic to
Humans. All of them were found from the gaseous products
of overheated oils and food. Although the indoor air
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concentration of formaldehyde below 100 pg/m?* (0.08 ppm,
for a 30-minute period) are thought to prevent the risk of
irritations and cancer among general population [8], for
sensitive groups of people, much lower levels may cause
health effects [9].

The Finnish residential health guide has set an action limit
for TVOC at 400 pg/m?. Here, the TVOC concentrations were
2 to 5 times higher than the action limit. TVOC concentration
above the action limit are not indicative of a health risk but
suggest that preventive measure should be applied to
eliminate or limit the exposure to possibly dangerous
chemicals. A large portion of VOCs were classified as
hydrocarbon mixture or unidentified compounds. It is
impossible to exclude that some dangerous compounds were
classified under these categories. In general, concentrations of
single compounds were low except for some compounds
whose emissions exceeded the action limit for single
compounds set to 50 pg/m?.
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Introduction

InIceland nursing homes require an automatic fire alarm to
be installed [1]. Preferably there should also be a sprinkler
system, butthatis notmandatory in all cases. The fire alarm
system is used to detecta fire and alarm occupants, butalso
to control related systems, typically shutting down the
ventilation system and closing fire dampers and to close fire
doors thatare held open. Itis mandatory forthe fire alarm
system to be according to relevant standard [2]and guidance
documents[3] and to be connected to a security company
thathasa 24/7 service.

In the past there has been little focus on forming
customized evacuation strategies for individual nursing
homes and the common procedure has been to have the fire
alarm of the whole building going off on detection and then
all shall evacuate. This, however, can cause unnecessary
trouble in case of false alarms, which can be avoided without
compromising safety, even in the case of a real fire.

Case study

The assignment in this case was to make escape plans,
evacuation strategy and assist with introducing it and
implementing the evacuation strategy.

The building is quite complex and does in fact consist of
several connected buildings. Figure 1 shows the layout of
floor 4 in the building. The use of it varies and includes
individual apartments/rooms to assembly rooms, kitchen,
services such as a hairdresser, physiotherapy, group rooms
etc. At last,the occupants have very different mobility as well
as cognitive skills, which again makes formingthe evacuation
strategy a more complex task.

It soon came to light that the fire alarm system was
programmed fora total evacuation on first detection, no matter
in which part of the building the detection occurred. At the
same time all ventilation systems were to turn off and close
fire dampers and all fire rated doors, which were held open by
magnets were set to close. This total evacuation on the very
first smoke detection did not suit the building or its functions
and therefore the assignment of forming the evacuation
strategy grew to also accommodate a new programming
manual for the fire alarm system. This would enable the
evacuation strategy to base on a phased evacuation and even
have some delays built in, minimizing unnecessary
evacuationsin case of false alarms.

Figure 1. Layoutoffloor4 inthe building.

Results

The assignment is still in progress, but the idea is to share the
approach and the end results in a conference presentation. To
shed a light on the fact that it is important to look closely at
the building and its users when formingan evacuation strategy
and for the fire alarm system to technically support that
Strategy.

The road leading to this assignment will also briefly be
described. For several years the frequent false alarms have
undermined the occupants’ believe in the system. Staff has
been working hard to minimize the negative consequences
and to reset the system as fast as possible to let everyone go
on with their day.

Hopefully with a new evacuation strategy and a proper
introduction to the staff and even some of the residents, the
trust in the system will return. At the very least the workload
on the staff will be less and focused on right place with more
localized alarming during the first phase of evacuation.
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Abstract
The purpose of this paper is to present results from functional
testing of ventilation systems in schools during activated fire
alarm. It was investigated whether the results had coherence
with the ventilation strategy in the fire safety concept and the
function description for the ventilation system.
Functional testing was performed at several schools in three
different municipalities in Norway. Results from the
preliminary mapping showed that some of the personnel
responsible for maintenance of the ventilation systems lacked
knowledge about the system's function during fire. Older
schools often don't have a fire safety strategy at all, whereas
newer schools and renovated schools normally have well
documented fire safety strategies, including the ventilation
system's function during fire. However, there is little or no
information in the building's MOM-documentation
(management, operation and maintenance) about how
functional testing must be performed.

The functional testing showed several incoherencies with
the fire safety strategy of the school buildings.

Introduction

This study is part of the research project BRAVENT-
Efficient smoke ventilation of small fires, where it aims to use
the existing balanced mechanical ventilation systems, such as
ducts and non-fire rated dampers, including variable air
volume dampers (VAV-dampers) to control smoke and
pressure in the event of small-size fires in schools. Demand-
controlled ventilation (DCV) can reduce building energy
consumption while delivering good levels of occupant
comfort [1]. DCV-systems automatically adjust the air flow
rate according to a demand at room level measured by e.g.,
CO; and temperature sensors [2]. Separate ventilation
networks are required for exhaust and supply air. Each
ventilation network is equipped with a fan to control the total
air flow rate. Depending on the configuration, a single fan may
serve from several rooms to the entire building. Figure 1
shows the concept of the extraction strategy using the
ventilation system. The principle is to increase the speed of
the supply and exhaust air to full balanced mode in the event

of a fire, so that smoke can be extracted out of the building
while mitigating the fire-induced pressure. This concept, if it
can be proven safe and effective, can be easily adopted to
buildings equipped with balanced mechanical ventilation
systems.

< Supply air
ducts

Smoke
extraction

Exhaust air
ducts

Figure 1. Schematic of the extraction strategy using the ventilation
system (based on Byggforskserien [3]).

The Norwegian Building Code is performance-based and
sets functional requirements for buildings [4]. Technical
installations like the ventilation system, shall be designed and
perform in such way that the system does not increase the risk
of a fire starting and that fire and smoke are spreading. The
companies responsible for building design and construction
are responsible for providing documentary evidence of the
fire safety. A fire safety strategy is created during the design
phase of the building project and describes a main strategy
for the ventilation installation.

Methods

To assess whether the extraction strategy can be applied to
the existing ventilation systems in schools to handle smoke
control for small-sized fires, the first step was to perform a
mapping of the fire safety strategies for each school and get
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an overview of how the ventilation systems in school
buildings operate in the event of a fire. Functional tests were
done to check if the ventilation system were operating in
coherence with the fire safety strategy and the function
description for the ventilation system. Functional testing
procedures of the ventilation system were developed to
investigate if the system functions according to the fire safety
strategy. Functional tests were performed in schools in the
municipalities of Oslo, Bergen and Trondheim, Norway.

The strategy for functional testing of the ventilation
systems included an interview with the operation officer on
site, who is responsible for technical maintenance and
inspection routines at each school. The purpose of the
interview was two-folded; to get overall information about
the ventilation system before the functional testing was
performed, and to map how familiar each operation officer
was with the ventilation system and how well they knew the
fire safety and ventilation strategy for the building.

The ventilation system was tested in day mode and night
mode, including triggering the smoke detector in the supply
air duct to verify if the air handling unit (AHU) stopped.
Triggering was executed during normal operation as well as
when the fire alarm was already on. The functionality of
randomly chosen VAV-dampers and fire dampers was
verified by visual inspection upon activated fire alarm.

Results and discussion

The year of construction varied for the schools included in
this project and some were also renovated in the later years.
Most of the schools included in the functional testing were
designed with an extraction strategy, which implies that the
normal operation mode of the ventilation system changes to
smoke control mode when a fire is detected in the building.
This extraction strategy usually includes a bypass fan for the
extraction air to ensure safe operation, which prevents hot
smoke from passing through filters and regenerators.
However, the bypass fan was not present in many of the
ventilation systems that were investigated. A few of the
schools included in the mapping had a shutdown strategy,
where the ventilation system stops, and fire dampers,
installed in the ventilation ducts passing through
compartmentations, close.

The preliminary mapping showed that some of the personnel
responsible for maintenance of the ventilation systems lacked
knowledge about the system's function during a fire. For
example, they were not sure whether there were fire dampers
installed or not, or whether the ventilation system would stop
when activating the fire alarm or not. This shows that there
may not be enough focus on the topic when it comes to
operation and maintenance routines in schools.

Older schools often don't have a fire safety strategy at all,
and there is no documented strategy for the ventilation system
during fire either. Newer schools normally have well
documented fire safety strategies, including the ventilation
system's function during fire. However, there is little or no
information in the buildings' MOM-documentation about how
functional testing must be performed.

The functional testing showed several incoherencies with the
fire safety strategy of the school buildings, including:

e VAV-dampers not going in open position

e  Opening of supply air and exhaust fan does not start
simultaneously, causing unbalance in the extraction
strategy

e Delayed/slow start of the supply and exhaust fans,
which will disturb the balance and the smoke control
AHU does not restart during night-mode
VAV-dampers located in the ducts are not affected
by the fire alarm

e The extraction function shuts down the supply air
and gears down the exhaust air to 20 %

e  After test termination, the AHUs must be physically
restarted in the technical room, they cannot be
restarted through the central control and monitoring
system

e Smoke detection in the supply air gives no signal to
the central control and monitoring system or the fire
alarm system

The reason for the incoherencies is unknown, but a possible
explanation is that the systems are not sufficiently tested after
installation.

Conclusion

The functional testing showed several incoherencies with the
fire safety strategy of the school buildings. The results indicate
that there is a need for better documentation on how the "as
built" ventilation system is performed compared to the design
solutions given in the fire safety strategy. Clear guidelines for
functional testing should be established and implemented in
the MOM-documentation.
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Abstract

This study was conducted for a master’s degree from the
department of civil engineering from the Technical
University of Denmark.

Data regarding children’s evacuation of indoor
playgrounds is scarce as most data on children evacuation is
obtained with experiments at schools and day-care centres [1,
2, 3, 4]. Furthermore, fire safety design of buildings that
contain indoor playgrounds often fails to account for the
characteristics of children. Major incidents can occur since
playing equipment in indoor playgrounds are made of
combustible material and therefore there is a need to
investigate children's evacuation in indoor playgrounds. The
key aim is to find out how the playing equipment in indoor
playgrounds affect children's movement time. The secondary
aim is to gain knowledge of the level of detail needed to gain
reliable information about children’s evacuation in indoor
playgrounds, the effect the equipment has on the travel
distance and the total evacuation time of both adults and
children in indoor playgrounds.

Figure 1. As the level of detail increases with each case, so does the
children’s movement time.

Method

Information regarding pre-movement time, warning time,
travel speeds and the geometry of an indoor playground was
gathered. The evacuation computer model Pathfinder was
used to model four cases to collect data about children’s
evacuation in indoor playgrounds. Case 0 represented no
playing equipment and persons distributed randomly in the

room. For Case 1, outlines of the playing equipment were
added, and persons were randomly distributed outside the
equipment. Case 2 was the same as Case 1, but persons were
distributed randomly inside the playing equipment. The last
case, Case 3, was most detailed. The playing equipment was
fully modelled, and persons were randomly placed inside and
around the equipment.

Results

The result was that the maximum movement time of
children, evacuating from the playing equipment was more
than three times the adult's maximum movement time from
the hallways around the equipment. Figure 1 shows how the
children’s movement time increases as the level of detail
increases with each case. Therefore, it can be concluded that
the playing equipment affect children's evacuation in indoor
playgrounds. Also, it was found out that detailed modelling
of the equipment is needed in order to obtain the most
realistic data. The maximum travel distance was then found
to exceed the limit of 30 m, according to the Danish
legislation, for all cases.

The total evacuation time depends greatly on the pre-
movement time as it is about 60% of the total evacuation
time. As pre-movement actions have not been investigated in
indoor playgrounds, it is questionable whether the movement
time should be optimised before the pre-movement time and
therefore the searching time are researched as it only
represents around 20% of the total evacuation time.
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Abstract

The purpose of the current research is to study the behaviour
of people with temporary impairments induced by alcohol
intoxication during an evacuation process, from buildings, as
well as from ships and ferries, broadening the population
covered by safety practices. Contrary to the bars and
nightclubs where the majority of the attendees are young
people, on offshore premises such as ferries and cruise ships
people consuming alcohol present a large range of age,
culture and impairments. Thus, it is of crucial importance to
include a heterogeneous population in the studies. In the
current experiment, the aim was to hold in high regard the
diversity of the population regarding physical and cognitive
impairments, age and culture. A large-scale experiment is
carried out in 2022. The findings of the first out of two parts
will be presented at the Nordic Fire & Safety Days.

Introduction
Statistics show that fire incident numbers on ships have
reached a plateau regardless of the prolonged efforts to
develop regulations to eliminate their occurrence. Since
2014, 15 accidents with RORO ships, 14 with ordinary ferries
and 15 with cruise ships have been documented [1]. In 2022
a fire on the Euroferry Olympia required a complete
evacuation of 281 passengers near the Greek island Corfu [2].
One occupation on the cruise ships is alcohol intake,
which may lead to temporary impairments. Studies carried
out with permanent and temporary disabled people show that
in case of emergencies these categories of people are more
likely to suffer [3]. Thus, the need to create safe environments
for heterogeneous populations is essential. Research and
praxis have provided several studies dealing with evacuation
during an emergency, including evacuation from ships
[3],[4],[5]. However, there are no studies focused on the
evacuation of mixed populations from ships and only a few
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studies on the evacuation of individuals under the influence
of alcohol [6].

The average population of Sweden as described in Table
1, consists of 23% people aged below 19 and more than 25%
aged above 60. However, the largest part of the studies so far
has dealt with the evacuation characteristics of abled-bodied
young adult groups [5]. Consequently, during the evacuation
processes in emergency cases, there is a portion of people
whose safety remains uncertain.

Table 1: Age distribution of population in Sweden 2021

Age Number %
0-19 | 2414374 23
20-39 | 2695902 26
40-59 | 2611707 25
60-79 | 2113592 20
80-99 | 541271 5
>100 2449 0.02

Cruises are a form of vacation that has been increasing in
recent years, and for many passengers visiting nightclubs and
the alcohol intake on board is part of their entertainment.
Alcohol is considered a depressant since it slows down the
function of the central nervous system and therefore normal
brain functions are delayed. In the nightclub fires that
occurred in the past years, many lives were lost[7]. One of
the most recent cases is the Kiss nightclub fire in Brazil,
which killed 242 people and left more than 600 injured.

The current work is based on two pilot studies. The first
study aimed at investigating how alcohol consumption
impacts the reaction and decision phase of an evacuation [6].
One focus was the determination of the efficiency of the
notification methods. The experiment consisted of two
reference experiments, where the participants were sober and
two similar experiments conducted under the influence of
alcohol (0.46 - 1.08 ppm).



° The two notification methods used in the
experiments were verbal warning and tone alarm. The verbal
warning experiment was conducted in a silent room and the
participants were subjected to a spoken message.

e  During the tone alarm experiment, music was
playing in the room. The music was interrupted by the tone
alarm.

The participants performed tasks and their concentration
ability and evacuation characteristics when warned in
different scenarios were examined. The participants were
given partial information prior to the experiments. The
information they had was that the effect of alcohol on
evacuation behaviour was studied and that they had to carry
out small exercises. 28 students with an average age of 22.5
years participated in the experiments conducted at the
Technical University of Denmark.

All participants carried out both the reference and the
alcohol experiments. The experiments were conducted in two
rooms. The intake of alcohol was undertaken in the Drinking
Room. Then the participants changed into the Experimental
Room to carry out the exercises and the warning experiment.
Reaction and decision time for these experimental conditions
was measured, with respect to carrying out the exercises,
reacting to the instructions in the Experimental Room and
exiting the room.

No significant difference was seen in the measured
reaction and decision time with respect to reaction to the
warning and exiting the room when the participants were
influenced by alcohol. However, a difference was found in
the behaviour and the ability to maintain focus on the
assignments, when under the influence of alcohol, as well as
in the sound level coming from the participants.

The behaviour was changed again when the participants
entered the Exercise Room. The sound level decreased. The
participants’ ability to react to both the spoken message and
the tone alarm and start the evacuation changed almost
instantly after the warning had been initiated.

These differences in behaviour have a significance for
the evacuation of nightclubs onshore and offshore.

A second experiment on the behaviour was carried out
using a placebo by Doychinov et al. [8]. Non-alcoholic beer
was used as a placebo.

The participants were put through 3 identical exercises,
which were aimed at testing their balance, reaction times,
concentration, hand to eye coordination, problem-solving
skills, cognitive skills and cooperation. In addition to that,
they performed 2 evacuations that were used to interrupt their
“drunk behaviour” and test their reaction, decision, and
overall evacuation times. They were also analysed for signs
of drunk behaviour with video and sound recordings.

Some of the participants showed signs of drunk
behaviour, such as playfulness and an increase in noise after
the placebo was consumed and these were reduced after the
environment changed. Based on this it was concluded that
even with non-alcoholic beer some of the participants
developed drunk behaviour, like that observed in previous
experiments with the use of alcohol.
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Method
The current experiment is a further development of the
previous studies. It involves human beings, who are exposed
to alcohol and who will party in a chosen geometry. The
design of the geometry, the method for the distribution of
alcohol, as well as the run of the experiments, are testing the
reaction and decision times, behaviour as well as behavioural
patterns of the participants.

The experiment follows the Ethical Codex for evacuation
experiments involving human beings and is conducted by
DTU BYG [9].

Final comments
The results will be shown at the conference and conclusions
will be drawn.
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Introduction:

Western Norway University of Applied Science (HVL)
research project BUILDER (Building design for At-risk groups)
seeks to improve fire safety for at-risk groups by achieving an
understanding of the different challenges & suggesting relevant
safety solutions. As a part of the work package (WP-5) of that
project, this study is conducted with the cooperation of RISE FR
(FRIC project 4.3) to find a reliable smoke detection system
solution for the at-risk group. The proposed detection system
considers to ensure their life safety and may further be used in
housing facilities for residents with drug and psychiatric
disorders (ROP) in Karmey community, Norway.

GAP analysis for the housing for ROP residents and several
interviews conducted under the BUILDER project with Fire
Service personnel people at-risk group and care services
indicates that the technical solutions now provided within smoke
detection and fire protection at the dwellings of the residents
with substance abuse and mental disorder may not satisfy the
requirements of fire safety.

In order to address the challenges and the requirements of the
risk group in this study; the reliability, sensitivity, and overall
performance of the traditionally used optical detector,
combination detector with CO sensors, and aspirating detection
system will be assessed experimentally under different relevant
fire and smoke scenarios. The experimental assessment of the
proposed solution is conducted on an apartment designed for the
at-risk group at the Hall of Flame of HVL.

Background of the study

Over the past decades, domestic fire dominates the fatal fire
statistics in Norway and at-risk groups are found to be over
presented in those fatalities. According to the Norwegian
Directorate of Civil Protection reports, almost 75% of victims
can be described as vulnerable whereas in official Norwegian
documents vulnerability is described as related to factors such as
old age, reduced mobility or cognitive abilities, mental health
problems, and substance abuse [1,2].

The overall risk picture of the at-risk group can be drawn
from the analysis of fatal fires from 2005 to 2014 [3]. The
analysis of relevant domestic fire fatalities aspects (victims’ age,
lifestyle, and psychiatry condition, cause, and consequences of
fire, cause of death, etc.) indicates the urge of mitigating fire risk
at the societal level through political and organizational
measures (such as adequate social housing) along with the
improvement of the physical environment of the dwellings
according to the need of at-risk group.

The physical environment of the dwellings for at-risk group
may be improved by a reliable smoke detector system and it is
acknowledged that a smoke detector is an important tool that

saves lives through effective & early detection [6]. Previous
studies show that 37% of the fire was directly caused by the
victim and in most cases, the victim was alone during the
incident. In around fifty percent of those incidents, the fire
brigade arrives for rescue and firefighting operations when the
fire was fully developed [3]. Thus, it indicates the necessity of
early detection and notification time, especially for the people at
risk group who need assisted evacuation.

Also, the cause of death in the fire fatalities shows 57% of
death caused by asphyxiation and 10% by burn and
asphyxiation, whereas the toxic effect of carbon monoxide is
found in 74.1% of fire fatalities [3]. Thus, it indicates while
selecting a smoke detection for at-risk group efficient
detectability of CO is a vital feature that shall be covered by the
solution.

Under the project “Development of new housing facilities
adapted to ROP residents with low capacity to live with an
emphasis on user participation” under NORCE Samfunn ved
NORCE Norwegian Research Centre AS [4] which is attached
with the BUILDER project, 3 small separate houses for citizens
with addiction or psychiatric problems will be built in Karmey
community (The ROP project Karmoy). The outcome of this
study is to propose solutions with regard to fire safety for this
project.

Gap analysis for housing for residents with drug and
psychiatric disorders (ROP) [S] under this project shows that
there remain a few technical challenges that shall be addressed
by the smoke detector which are:

e A smoke detector must not be sensitive to cigarette smoke
and other types of pollution (narcotic fume/excessive
cooking smoke).

e Detectors or alarms shall be least visible and accessible to
the user.

e The smoke detectors or alarms must preferably be able to
be tested without having to enter the ROP home and have
minimal maintenance requirements.

Previous studies show most of the Norwegian dwellings use
photoelectric detector which functions better than ionic
detector by the virtue of earlier detection [6, 8]. Other previous
studies also show that CO dose may exceed critical value before
photoelectric detectors are activated. It may be the combination
detectors with CO sensors are more convenient in terms of early
detection and with the flexibility of placing anywhere in the
dwellings [6]. Aspiration detectors which are mostly used in
commercial settlements may be a solution for at-risk groups.
Their detection principle is significantly efficient in detecting
both smoldering and flaming fire and also it can be installed
with the least visibility with a scope of minimal and remote
maintenance.



Methodology

For this project, the fire safety objective is life safety in the
dwellings for the at-risk group fulfilling the special needs of the
residents, and reducing false alarms. A full-scale experiment has
conducted in an apartment in the Hall of Flame of HVL, campus-
Haugesund to observe the reliability, sensitivity, and
performance of the different smoke detectors.

To meet the needs of the target group smoke detector with
three different working principles will be used as follows
e Photoelectric smoke detector
e Combination detector with sensors for CO, light scattering,
and temperature
e Aspirating detection system

Figure 1. The test room is prepared following a similar layout of the
dwellings to be constructed in Karmoy ROP project. The whole
apartment has a floor area of 35 m’.

The detectors were placed following manufacturer guidelines
and additionally, a combination detector was placed at the
exhaust of the aspiration detection unit. This alternative approach
has been taken to assess whether this combination escalates early
detection by measuring CO in exhaust air. Also, this detector was
programmed with the controller in such a way that it will activate
the gas-based extinguishing system (IG-541) only in those cases
when both aspirating detection system and the combination
detector at the exhaust detect fire/smoke.

As the number of possible fire scenarios is very large in such
dwellings thus by interviewing Fire Service personnel, reviewing
fatal fire statistics and accident investigations with combining the
needs of at-risk groups; those are reduced to a small set of fire
scenarios. Considering different conditions such as locations of
the fire, status of apartment ventilation, indoor openings, amount
of fuel, and the spread of fire and smoke; eight different
smoldering and flaming fire scenarios were designed and tested
following methods of NS-EN 54-7 (Annex G-J). A total of 33
tests were conducted which includes repeating each scenario four
times and a single test with burning tobacco in the apartment.

Result & Observation:

Out of 33 tests, the Aspiration detection system and
combination detector were activated in 30 cases and the
photoelectric detector was activated in all the cases. The
aspiration detection system responded earlier than the
combination and photoelectric detectors in 15 cases, especially
in the tests with no ventilation. While considering the mean-time
of detection, in five out of eight scenarios aspirating detection
system was faster and more efficient compared to other
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detectors. In other tests, it was activated shortly after other
detectors. Also, it was not activated during tests 201 3 and
205 1 where the scenarios were similar to the kitchen incidents
(with excessive cooking smoke) and indoor smoking which
often leads to a false alarm.

Thus, it shows aspirating detection system not only
addresses the challenges of being the least visible to ROP
residents and being accessible for remote maintenance but also
provides early and efficient detection in most situations avoiding
false alarms. But its performance was found to be affected
considerably by the presence of a ventilation system especially
in case of slow smoldering fire with a ventilation system on. An
up-gradation of the detection principle in aspirating system may
address this issue.

The combination detector placed at the exhaust of the
aspiration unit responded significantly slower than all the
detectors as the exhaust releases air from all the rooms of the
apartment which naturally reduces the smoke particle, CO, and
heat present in the air sample. But when the test fire was fully
developed/spread of fire occurs it is activated within a short
interval. Thus, out of these 33 tests in 18 cases this combination
detector was activated and triggered the gas-based extinguishing
system (IG-541).

The outcome of the Studies

This study shows aspirating detection system might be a
reliable and suitable detection system for the ROP project which
can notify fire and rescue services early to initiate assisted
evacuation overcoming the existing challenges. Also, the
combination of the multi-criteria detector with the aspiration unit
at the exhaust provides a considerable time to evacuate and a
logical activation of the gas-based extinguishing system (IG-541)
in cases of the development of fatal fire/fire spread avoiding false
activation.
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Introduction

Western Norway University of Applied Sciences (HVL)
research project BUILDER (Building design for At-risk
groups) seeks to improve fire safety for at-risk groups by
achieving an understanding of different challenges and
suggesting relevant safety solutions. As a part of the work
package (WP-1) of the project, this study is conducted with
the cooperation of Rogaland Fire and Rescue IKS (RBR).

According to the Norwegian Directorate of Civil
Protection reports, almost three out of four of those who die
in a fire belong to an at-risk group, in addition 9 out of 10 of
those who die because of a fire die in their own home. Elderly
people in need of help, drug addicts and people with mental
or physical health issues are particularly vulnerable to fire, and
many need help to feel safe in their homes.[1]
Many municipal services make a great effort to ensure the fire
safety of people in the at-risk groups. This paper, based on a
bachelor thesis carried out in spring 2022, will through
reviews of earlier literature, an interview with Rogaland Fire
and Rescue IKS’s section leader, and a comprehensive survey
involving different municipal services in Rogaland, review
the cross-sector collaboration between different municipal
services and its effectiveness.

Problem Statement and Delimitations

The thesis' problem statement addresses how good
cooperation between different agencies can contribute to
improving fire safety for people belonging to an at-risk group.
There has long been great concern regarding the fire safety of
this target group, and measures have been implemented at
both national and municipal level.

Since people in at-risk groups are particularly exposed to
fire and a larger proportion of the population will need
services in the home, the following additional question has
been prepared:

"What does it take to have a good collaboration, how can
municipal services collaborate and what can they collaborate
on?"

The aim of this thesis will therefore be to undergo a
qualitative and quantitative evaluation to establish and
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communicate the effect of the project of Rogaland Fire and
Rescue IKS aimed at at-risk groups.

The thesis is limited to Rogaland Fire and Rescue IKS's
work to improve fire safety for people in at-risk groups, and
the collaboration they have with different municipal services
around their owner municipalities.

It is important to emphasize that many municipalities in
Norway work purposefully and actively to ensure the fire
safety of people at-risk, but the thesis only represents
measures implemented by Rogaland Fire and Rescue IKS and
the cooperation with their owner municipalities.

Earlier Literature and Establishing the At-Risk
Group

Previous research has established that elderly people in
need of help, drug addicts and people with mental or physical
health issues are particularly vulnerable to fire. These people
may have both cognitive and physical impairments, they often
live alone and generally need help in their everyday life.
Implementing effective and helpful fire preventing measures
can therefore be challenging. [2]

There are also challenges connected to getting in touch
with these at-risk groups. However, in the Norwegian
regulations for fire prevention it is stated that the municipality
shall determine priority areas and plan cooperation and
measures to reduce the mapped risk of fire in an effective
manner. The focus areas and measures must be prioritized and
justified. [3]

Interview with Rogaland Fire and Rescue IKS

At Rogaland Fire and Rescue IKS untraditional methods
have been used to get in touch with members of the at-risk
groups.

Targeted information work is one of these methods, for
example by seeking out arenas where the vulnerable groups
can be reached directly. The section leader at RBR says that,
among other things, they visit areas where people with drug
problems reside, to provide information about fire prevention.
RBR have also held a workshop for the elderly, together with
other organizations, to approach this group. The section leader
emphasizes that targeted information and motivational work



are the most important measures that work best, and
relationship building, trust and respect is crucial. In addition,
Rogaland Fire and Rescue IKS has focused on getting
involved in people's personal lives, showing empathy and
being helpful with daily problems to establish trust and
connection to members of the at-risk groups. [4]

Furthermore, RBR has had a close cooperation with
different health services in their owner municipalities. Among
other things they have contributed with training of personnel,
informing regarding duty of confidentiality and duty of
notification, as well as help carry out home visits and informal
inspections.

The section leader explains that it is difficult to get
concrete statistics on whether their work has given good
results.

Survey of Different Municipal Services

A questionnaire was sent out to various health-related
municipal services with which RBR collaborates, to get an
insight on the collaboration from their perspective. In total,
there are around 200 employees working for the various
companies in total, and of these, 79 people responded to the
survey.

46 employees state that they have participated in training
under the auspices of RBR, and as many as 70% of the
participants believe they have good enough knowledge
concerning fire safety. Nevertheless, the survey shows that
25% of participants finds it challenging to maintain fire safety
of the user in a good way, due to lack of knowledge/training.
Home nursing has an especially busy workday lacking in both
resources and time, and it is understandable that it is not
always within their means to carry put fire preventive work.

Nevertheless, fire safety training should be efficient and
simple enough to whereas health and care personnel can know
what to look for with the sweep of an eye in regard to fire
safety when visiting a patient. Among other things, the survey
showed that only 26 out of 79 participants control safe
smoking, which is the leading cause of fatal fires amongst the
elderly.

As an outcome of the survey, it was revealed that most of
the participants know and are aware of the duty to notify, but
as many as 41% found it challenging to assess when it is
necessary. The findings from the survey suggest that the law
may not be concrete enough. The committee from the report
«NOU- Trygg Hjemme» proposes to make an amendment to
the Health Personnel Act, where the law gives health and care
personnel a duty to reduce the fire risk among users by
detecting and becoming familiar with flammable conditions.

It is important to emphasize that less than half of total
employees responded to the survey, even though several
methods were used and a lot of effort was put in to reach them.
This could mean that only the most engaged and those who
are most concerned about fire safety participated. Due to this,
the survey is not necessarily representative of the average.
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Importance of Research

The purpose of the thesis is to shed light on the importance
of good collaboration across agencies in order to achieve
better fire safety for the most vulnerable in society. Statistics
show that the problem is very relevant, and that it is necessary
to work actively with preventive fire protection work where
the risk is greatest. The aim of the thesis is to clarify that risk-
based preventive fire protection work has an effect, and the
hope is that the thesis can spread this knowledge to other
municipalities in Norway and the Nordic countries.

\ Western Norway
University of
Applied Sciences

Figure 1. Western Norway University of Applied Sciences (HVL)
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Abstract

Fire safety engineering and performance-based
regulations

Fire safety engineering (FSE) consultants play an important
role in assuring fire safety in Norwegian buildings.
Specifically, they are typically responsible for the conceptual
fire safety design (CFSD). The CFSD is the high-level fire
safety solutions, and serves as foundation for detailed fire
safety design (DFSD) by structural engineers, HVAC
engineers, architects etc. The CFSD includes specification of
the location of fire compartments, fire walls, sectioning walls,
egress zones and performance requirements for structural and
separating construction elements [1]. For instance, a fire
compartment wall should satisfy “EI60”. It is the
responsibility of the architect to design a specific solution and
select products that meet the EI60 requirement.

Norwegian FSE consultants are responsible that public
requirements are met, i.e., that the design comply with the fire
safety regulations. To act as a responsible FSE consultant in a
construction project, the company needs a “central approval”
by the national authorities [2]. Having central approval makes
the FSE consultant company eligible to take on responsibility
for the CFSD in a specific project. If the FSE consultant fail
to meet regulative requirements, the company stands at risk of
both public and private liability charges. Possible
consequences include covering expenses of improving the fire
safety level in the building, personal responsibility of
individual FSEs (which may include prison), and the company
losing their central approval. Naturally, it is important for the
FSE consultants to meet minimum requirements.

After the introduction of performance-based regulations in
1997, it has been an option to use analyses as a basis to
document the fulfillment of regulation requirements.
Implementation of performance-based regulations is usually
motivated by several benefits, such as simplification of

regulations and regulation development, easier trade across
national borders and technological innovations [3;4].
Performance-based regulations involves simplifications for
the regulator but adds both opportunities and complexity to
the FSE consultant. Opportunities include freedom to include
new technologies, materials, and design choices, if the safety
level is acceptable. The added complexity is about
documenting that the safety level is acceptable. Since 1997,
there have been several debates in the industry about
appropriate risk analysis methods, processes for third party
review and controversial design choices, such as the use of
plastic materials and high-rise timber constructions. Abstract
concepts, such as risk, models and engineering judgment are
important tools in a regulation regime based on performance
and management principles. Not surprisingly, this leads to
different interpretations among different consultant
companies. Major construction contractors expect FSE
consultants to come up with the optimal cost-effective
solutions. One of Norway’s major construction contractors
have for instance included in their contract terms that “over-
dimensioning” is to be regarded as a design error.
Consequently, the FSE consultants are, on the one hand,
responsible to society for fulfilling minimum requirements,
and on the other hand, they run the risk of a private lawsuit if
they over-dimension fire safety. This represents a major
constraint for the FSE consultants and is also a poor starting
point for safety management.

Standardization of risk assessments

Currently, Standards Norway have taken the initiative to
revise the standard NS 3901 Requirements for risk assessment
of fire in construction works [5]. The standard first came out
in 1998, shortly after the implementation of performance-
based regulations. A second edition was released in 2012. It
has always been the intention that NS 3901 should serve as a
tool to verify regulation requirements. The guide to the fire
safety regulations points to the standard for this purpose.
However, the FSE industry does not consider the current
standard applicable to support the engineers in the art of
balancing safe enough with too safe. The standard’s
requirements to risk analyses are considered too challenging



for practical purposes, and simpler analyses are preferred [6].
The suggested strategy to improve the standard include inter
alia conservation of the industry’s current risk assessment
practice, conservation of terms and concepts, and
standardization of data.

The future of FSE and safety management?

In this paper we ask ourselves if the suggested strategy for
standardization will improve fire safety management in the
construction industry, or whether it is more directed towards
reducing the legal risk of FSE consultants.

In previous works [7;8] we have argued that comparative
risk analyses fail to capture important safety issues in design.
Generally, the FSE simply assume that the safety level of a
reference building is acceptable. The FSE spends time and
resources on conducting analyses of both the hypothetical
reference building and the specific design, instead of focusing
efforts on the design task. The main goal of conducting the
analysis is to verify a safety level, which is a poor starting
point for adhering to principles of modern safety management,
such as internal control, continuous improvements, and
operational control.

Why is it possible that major construction companies
specializing in turnkey contracts include terms of “over-
dimensioning”, and how shall outside viewers comprehend
such terms? Is it something that the construction company
itself assess, and what are the liability grounds for assessment
of over-dimensioning phenomena? We need studies that
challenge the system within the construction industry to reveal
how safety margins are maintained [7].

Furthermore, the fire safety engineering industry has
developed their own “dictionary” for terms relevant to the fire
safety domain. This is also a way of executing power upon the
industry, by conceptualizing terms that restrict or influence
safety assessments and measures in the engineering work. An
example is how to understand passive fire protection (PFP),
which could be regarded as materials added to structures to
protect structures, or it could be associated with measures that
does not need activation to perform in a fire scenario, such as
evacuation rooms in tunnels. Our understanding is that
evacuation rooms, as such, falls outside the definition of PFP,
and this becomes a barrier for innovation work on the topic.
Standardizing terms thus represents a potential safety threat.

Standardization of data for risk assessments sounds very
convenient for the FSE consultants. This will contribute to
predictability, similar analyses by different consultants, and
low risk for the responsible parties, as the consensus-based
standardization organization becomes responsible for critical
choices. Our view is that standardization of data is a road to
conservation of the existing and a barrier to innovations. More
importantly, the foundation for standardization of data is also
questionable. Fire safety is an emergent property of socio-
technical systems, in which statistical variability and
epistemic uncertainty associated with the fire phenomena and
human behavior are extremely large. Therefore, we argue that
verification cannot be the goal of fire safety analyses. The goal
of the analyses should be to improve our understanding of the
system and how it will perform under different assumptions
and loads. In this context it becomes meaningless and counter-
productive to standardize data for fire safety analyses.
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Conclusions

In this paper we question the rationale behind desired
strategies to improve standardization of fire safety risk
assessments. We argue that the selected strategy is better
suited to solve fundamental problems in the industry, rather
than fire safety management issues. Conservation of existing
practices, e.g., comparative risk assessments, serves to
legitimate methods that has a vague connection to “the safety
reality” of future buildings. Conservation of concepts and
terms is useful for the FSE community but inhibit flexible
understanding and innovation. Standardization of data is a
matter of transferring responsibility of critical and difficult
decisions from the FSEs’ to the standardization organ, which
the regulation already points to for guidance.

There are probably not quick fixes to the challenges of fire
safety management in the construction industry. We might
think that conservation of methods, concepts, terms, and data
through standardization is progress. In our opinion it is a step
backwards and it serves as a barrier to innovative technologies
and solutions, enlightened debate about appropriate fire safety
performance and development in the (fire) safety engineering
profession.
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Abstract

Smoldering fire is a slow exothermic reaction where fuel
and oxygen are consumed to generate heat [1]. What separates
smoldering from other kinds of combustion’s is the absence
of a visible flame. Smoldering fires are also significantly
easier to ignite, and the persistent behavior of the fires makes
them one of the leading causes of casualties in residential
fires [3]. The environmental aspect of smoldering is also
important because smoldering peat fires are responsible for
the destruction of carbon sinks and the release of severe
quantities of environmentally hostile gasses [4].

The main goal of the experiments was to explore the
effects of external cooling on smoldering fires in wood
pellets. This was done by putting a sample of wood pellets
inside an insulated steel cylinder heated by an external
heating source until a smoldering fire ignited. Around the
steel cylinder, water was circulation in a copper spiral.
During the tests, the temperature was carefully monitored,
along with mass, airflow, and the pressure of the system,
which enabled calculations to be made after the tests. A total
of 24 experiments were conducted, three of which suffered
equipment malfunctions, making the data basis for this thesis
21 tests. Each with a purpose of uncovering more information
on the topic of smoldering by investigating different
parameters.

The first parameter being heating duration, where ignition
was the main focus. The ignition of smoldering under the
influence of external cooling was a demanding task. With the
flow rate used in this section of the study, a consistent,
predictable smoldering fire was impossible to create, and
heating duration’s up to 30 hours were tested without the
initiation of smoldering. Compared to the work by Mikalsen
in 2018 [2], this translates to an increase in heating duration
equaling a 400% increase of what was needed to initiate
smoldering without external cooling. Next, the target was to
explore what impact different flow rates of water in the
cooling jacket would have, and how this affected the heat
transfer. Using a flow rate of 0.29 L/min, the heat loss to water

was 103 W. When the flow rate was increased to 0.42 L/min,
the heat loss to water only increased to 106 W, indicating that
the heat transfer may have reached a stagnation point. This
phenomenon was not further investigated due to time
restrictions.

The total combustion time was significantly lower in the
smoldering cases where external cooling was used, making
the fire more rapid, and with a higher heat production rate than
in the cases without external cooling. Looking at this result in
light of the results from the ignition test series, indicating that
when external cooling is applied, the ignition is more difficult,
but when ignited, the fire burns more violent and rapid.

This study sheds light on the not particularly well-known
phenomenon of smoldering fires, by studying the effects of
external cooling on smoldering fires in wood pellets.
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Abstract

Since its commercial introduction in 1991, the Li-ion battery
has undergone a steady and continuous optimization and has
gone on to become profoundly indispensable to the modern
societies around the world. Using a variety of different
chemical compositions to power everything from mobile
telephones, tablets, laptop computers, power tools and now
even vehicles, Li-ion technology is literally found
everywhere. Although the amount of newly registered
electric- and hybrid vehicles (applying Li-ion technology)
has risen very rapidly in the past few years /1] it has yet to
be considered in the building codes. Dividing large spaces
into smaller ones, is still a widely applied method to avoid
requirements of installing either automatic sprinkler- or fire
ventilation systems /2] — see Figure 1.

Krav om sprinkleranlaeg eller
automatisk brandventilation

Intet krav om sprinkleranlaeg eller
automatisk brandventilation

Brandmeessig
uklassificeret
adskillelse

Figure 1 — dividing of large spaces with unclassified structures

Until the technology of the solid-state battery /3] is
perfected, Li-ion technology is the most effective way to
store large amounts of electric energy. The thermal stability
of these batteries is recognized as one of the most important
challenges of any Li-ion battery, as the occurrence of thermal
runaway has caused numerous fires and even explosions. A
thermal runaway in even a small battery, will inevitably
cause the battery to overheat, and once the battery’s

protective casing can no longer contain the elevated pressure,
a variety of both flammable and toxic gasses are released
from it — often spectacularly so /4].

One of these said toxic gasses is hydrogen fluoride (HF),
which has a very well documented hazardous impact on
human health /5.] This gas is the main focus point for this
contribution.

The initial research showed that both the risk of the
occurrence of thermal runaway, and the quantity of emitted
toxic gasses, greatly depend on the battery’s general
chemical composition, and its state of charge (SOC). It also
shows that even identical tests can create rather different
results, and that larger batteries do not necessarily emit larger
amounts of HF /6/. This is why extrapolation of archived
results should be avoided and is therefore not used on the
results achieved in the simulations of this work.

By applying actual measured quantities of HF-emissions
from a full-scale experiment [7] into an FDS-model, this
study has investigated different scenarios, where HF is being
released from an Li-ion battery pack of a small EV during a
fire. The EV is placed in a confined space, in the shape of a
real-life underground parking garage, placed in the greater
Copenhagen area — see Figure 2. In this specific parking
facility, the above-mentioned common practice for avoiding
sprinkler and fire ventilation systems was applied, which,
when measuring hazardous concentrations of toxic gasses as
in this study, is very counterproductive.

Figure 2 — Floorplan and FDS-model of parking structure
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Results, predicted at 1.2 and 1.6 meters above the floor,
show that the investigated hazardous HF-concentrations of
30 ppm (IDLH), 34 ppm (AEGL 2, 30 minutes) and 62 ppm
(AEGL 3, 30 minutes) occur relatively quickly, when the
battery’s protective casing is compromised.

It is also shown, that at the time of the fire brigade’s assumed
arrival, concentrations in the garage exceeds 150 ppm in
certain areas of the garage and continue to rise to reach peak
values of approximately 800 ppm (measured at 1.6 meters
above the floor) in the time firefighters would be expected to
be near the burning vehicle — see Figure 3. This because Li-
ion battery fires are self-oxidizing, and thereby notoriously
difficult to extinguish, using standard firefighting techniques.

TIMELAPSE - SCENARIO 1

Slice file height: 1,6 meters above the floor
Indication bar-range: Blue = 0 PPM =375 PPM RED = 750PPM

30 minutes (Black edges = 450 PPM)
= A "

Figure 3 — concentrations of HF after 30 minutes

The results further illustrate the general behavior of the toxic
gasses accumulating in corners where ceiling jets collide
with vertical obstacles, such as walls and pillars — see Figure
4.

As the HF concentrations predicted at 1.2 meters above the
floor are consistently lower than those measured at 1.6
meters above the floor, the combined results of this report
show, that firefighters should stay away from corners, and
should be operating from lowered/kneeled positions
whenever possible.

. 4
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Figure 4 — accumulation of HF-concentrations

The results of this study furthermore show that hazardous
concentrations occur by the exit/entry of the garage, where
firefighting crew will not necessarily be wearing respiratory
protective gear. This means that certain amounts of HF are
being vented away during the fire, which would not be the
case, if the garage door had been closed. In that case the HF-

concentrations inside the garage would naturally have been
even higher than the ones obtained in this study.

It is worth considering that the applied experimental
measurements in this study are almost a decade old and are
established using a Li-ion battery of only 23.5 kWh. The
battery packs of today’s EV’s are considerably larger, and a
battery of 23.5 kWh, as the one used in this study can almost
be found in the very popular plug-in hybrids.

Though results should not be extrapolated from small to
larger batteries, it is conceivable that much larger batteries
will emit larger quantities of HF, burn much more
aggressively and be much more difficult to extinguish for the
firefighters.

Topics, related to the main topic, not considered in the
development of this study is:

- The general risk of a fire occurring in alternatively
fueled vehicles. Topic is already investigated by
RISE, Sweden /8]

- Potentially increased risk of fire spread due to jet-
flames from battery fires

- Electric vehicles placed in fully automatic- and
multilevel parking structures

- Potential sprinkler system effect on acidity of
smoke plume

- Alternative extinguishing agents than water

- Acidity of extinguishing water from Li-ion fires

References

[1]1 S. Dalbro, “’Nye plugin-hybridbiler slar alle rekorder - men de fylder
ikke meget” Danmarks Statistik, September 2020.

[2] “Bygningsreglement 2018 (BR 18)” Bolig- og Planstyrrelsen, Janurary
2022.

[3] https://en.wikipedia.org/wiki/Solid-state_battery

[4] Various youtube videos of burning electric vehicles. E.g.:
https://www.youtube.com/watch?v=3eFM9JJMH_0

[5] “Facts About Hydrogen Fluoride (Hydrofluoric Acid)”, CDC (Center
for Disease Control and prevention),
https://emergency.cdc.gov/agent/hydrofluoricacid/basics/facts.asp

[6] F. Larsson et.al, ”Toxic fluoride gas emissions from lithium-ion
battery fires”, www.nature.com/scientificreports, July 2017

[71 A. Leqoc et.al, “Comparison of the fire consequences of an electric
vehicle and an internal combustion engine vehicle”, Ineris (report
00973680), September 2012.

[8] A.W. Brandt and K. Glansberg, “Lading av elbil i parkeringsgarasje”,
RISE-rapport 2019:123, Safety and trasnport, RISE Fire Research.
2019




BOOK OF ABSTRACTS Nordic Fire & Safety Days

Test method for evaluation of fire suppression
systems against Li-ion battery fires at sea

Petra Andersson

Fire Safe transport, RISE
Borids, Sweden

Roeland Bisschop

Fire Safe transport, RISE
Boras Sweden

Keywords:  Li-ion batteries, Electric propulsion ships, Fire
suppression, test method, thermal propagation

Abstract

Fire safety of ships is a key issue as evacuation and
extinguishment is more difficult at sea than it would be on
land. There is therefore a long tradition of fire safety
regulations at sea.

The current shift to more sustainable transport solutions
has now led to the introduction of lithium-ion batteries for ship
propulsion. These can offer significant benefits in terms of
reducing greenhouse gas and particulate matter emissions, but
introduce new risks. If damaged, lithium-ion batteries may go
into thermal runaway, a state that produces significant
amounts of heat combined with flammable and toxic gases.
This is a challenge, and safety is one of the key questions
asked when introducing battery propulsion at sea [1].

Electric propulsion at sea was the first application area to
require a test that verify that a thermal runaway does not
propagate to neighboring cells or modules. The non-
propagation can be achieved using passive protection or using
a suppression system. This means that there will be a test
(series) for each battery/extinguishment combination. For
companies/ship owners it would be beneficial to have a test
method that can verify a systems performance in a more
generic way. Extinguishment system manufacturer would also
benefit from a generic test method. This work presents a first
step in developing such a method and takes its starting point
in the work conducted by DNV in 2019 [2].
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Figure 1. Mock-up placed in container.

Experimental set-up

As the method shall be generic the extinguishing system
needs to be applied externally of the pack/modules. The aim
will thus be to prevent module-to-module propagation, since
cell-to-cell propagation will be impossible to achieve with
externally applied suppression. In addition, as there is a risk
that the system extinguishes the open flames while the
thermal runaway still is propagating and thus pose an
explosion danger, the test needs to be designed to be
conducted outdoors.

A mock-up consisting of one live module surrounded by
11 dummy modules in a rack configuration was designed to
mimic existing installations on ships today. The dummy
modules were filled with sand to achieve the same thermal
mass as a real module [3].

To be able to evaluate different extinguishing systems
performance in mitigating thermal propagation it is important
to have a propagation scenario that is very repeatable, i.e. if
no system is applied the propagations hould be very repeatable
from test to test. In order to reach this, it was decided to use a
burner to initiate thermal runaway in a cell.

It is also important to activate the extinguishing system at
a time when one is certain that thermal runway will propagate
in a repeatable manner if no system is activated. To identify a
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suitable trigger point, some tests were conducted without
using anu extinguishing system. These tests were conducted
indoors measuring temperatures, Heat Release Rate etc. but as
the final test method should be an outdoor test a suitable
trigger time needed to be identifiable through temperature
readings. The trigger point should also represent a time where
a fire could be detected by an detector outside of the
battery/conventional fire detection.

Figure 2. Test running.

Verification

The mock-up rack was tested in a test series where different
types of extinguishing systems were used, both water based
and non-water based. Two different types of cell chemistries
were used. However, to limit the number of tests, some
parameters had to be fixed like placement of nozzles. The
tests were conducted outdoors but the mock-up was placed
in shipping containers (see figure 1 and 2).

The mock-up proved to be robust enough to be used in
several consecutive tests. Also, by running only one test per
day enough time for cooling the dummy modules was
available. However, care must be taken so that water does not
enter the sand in the dummy modules in order not to tamper
the results of the tests conducted afterwards. The
thermocouples used were robust enough to last the entire
series, but the placement and number of thermocouples can be
further optimized.

In the test series only one type of rack solution was used.
The impact of different spacings in the rack on the
performance of the extinguishing systems needs to be
investigated before deciding on a standard rack.

In these test series NMC and LFP modules were used. The
repeatability of the NMC modules was much better than the
LFP modules. The trigger criterium was developed to cover
both types of modules. As the repeatability of the LFP

modules was lower, a later trigger point needed to be chosen.
Therefore, the activation time against the NMC modules was
later than could have been achieved just considering NMC
modules. This emphasizes the importance of using the same
type of modules in a test method.

Conclusions

This work provides important input towards the
development of a test method for evaluating the
performance of fire suppression system under critical
battery failures and at lowering the risk for module-to-
module propagation. The designed test method performed
well and sustained all 18 tests that were done. Overall,
repeatable test conditions were obtained which allowed
evaluation of fire suppression systems.

The method was verified using different types of
extinguishing systems. All fire extinguishing systems had a
positive impact in some locations of the modules. However, it
was not possible to draw any conclusion on the suppression
systems ability to mitigate module-to-module propagation,
especially as the test method need further development. The
tests showed that mitigating module-to-module propagation
can be possible with careful design of suppression systems
and perhaps combinations of different means/systems.
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Background

The ongoing digitalization of society is positive in many
ways, but at the cost of increased vulnerability where a power
outage can have a huge impact on both individuals,
businesses, and society at large.

Batteries have been used for decades to backup all kinds
of critical infrastructure to create resilience and secure up-
time to IT and ICT systems.

One example is telecommunication systems (ICT) which
are the backbone of modern information communication with
data centers handling various critical tasks to serve the digital
society’s demand for 7x24 operations.

Availability of non-stop energy in the telecommunication
ICT system is therefore extremely important and batteries
together with UPS, 48V DC-system and generators thus play
a critical role to guarantee 100% system up-time during grid
disturbances and power outages.

The role of the battery

As batteries play a crucial role in the system, the selection
process puts focus on reliability, functionality, capacity, and
lifetime. The choice of battery type is an important part of the
system design due to the vital function of the batteries and
their impact on the total cost of ownership.

Lead-acid batteries have been the traditional choice until a
few years ago when Li-lon became an alternative battery
power backup. Advantages compared with the lead-acid
batteries are i.e., space, weight, lifetime, and number of
cycles.

The Li-Ion battery
Li-Ion enables the creation of solutions and applications that
were unthinkable a few years ago, where the automotive
industry and the ecosystem built around it create new
opportunities for sustainable solutions in the transport sector.
The same is true for other sectors as well, like the IT and
ICT industry, where Li-lon besides its main function as an
ICT-system backup, also will enable the use of stored battery
energy as a balancing energy source for the grid. Thus, energy
can be used more efficiently on a wide range to meet the
growing need for energy backup during grid power peaks.

The beginning with nonconformance in the Li-Ion
batteries

The early Li-Ion batteries had problems with issues such as
instability, sensitivity to shock, high temperatures and
overloads, to mention some areas of concern.

A worst-case scenario can reach a phenomenon known as
“thermal runaway” *** where the battery cell enters an
exothermal reaction which can be irreversible if not
mitigated. At this stage, the batteries release toxic gases (CO
is one of them) and may catch fire after a while.

By improving cell technology with safer electrolytes,
better anode/cathode materials and using improved battery
monitoring systems the Li-Ion battery solution of today are
much safer but not safe enough.

Major incidents have caused damage, serious injuries or
worse, lost property and not to forget lost credibility. In the
last 2-3 years
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we have had reports on Li-Ion incidents in large energy
storage installations in the USA, China, Korea, Australia, and
Europe.

In applications that are insensitive indoor environments
like hospitals, data centers, central offices, large car garages
and other confined spaces the risk is accelerated while quite
often the possible dramatic consequences of an incident are
not properly addressed, maybe due to lack of knowledge and
experience.

The pilot trial between Dafo Energy Storage
Protection AB and Telia Sverige AB

Telia is looking and verifying to find advantages for replacing
traditional Lead-Acid batteries with Li-lon batteries as
backup in data centers, central offices, and sites. They also
have demanding requirements on both safety and availability
in their sites as well as requirements to fit these solutions in
existing facilities.

Although high safety is available in many Li-Ion solutions
today, a thermal runaway*** situation can still accidentally
occur. The safety of the system is relying on a well-designed
cell as well as a BMS which is the heart of the safety. As both
cells and BMS pose a risk, although small, in a worst-case
scenario, a catastrophe could happen, and there is a need to
enhance the safety (at a reasonable cost).

DAFO and Telia have joined forces and started a trial
project, to verify and enhance, the safety of the use of the Li-
Ion batteries indoors.

By using a sensor technology patented by Swedish DAFO
Vehicle Protection**, a joint venture was established in early
2021 to develop a protection system that will provide early
detection of CO-gas from any type of Li-lon battery known
today.

The project has thus been about adapting the vehicle
solution to a solution that is adequate for stationary battery
applications. This includes setting the level of intervention
and includes both shutdown of a cabinet and using a cooling
and fire suppression agent. However, using cooling/fire
suppression to be effective requires access to each battery
module via a pipe/valve system supplying the agent.

Due to the complexity and cost of using cooling agents on
a distributed level to each battery module, it was decided that
shutdown only would be actual for this project. It will provide
a high level of protection at a low level of intervention. The
conclusion is that early detection*** with shutdown prior to
the thermal runaway is the most cost-effective solution for
this project.

By using the same key building blocks as in DVP's vehicle
solution we have saved on both project time and development
cost. We have also benefited from the investigations and tests
made in collaboration with RISE. Knowledge regarding the
Li-Ion technology, its construction and the different
properties of certain electrolytes and risks with certain
electrolytes has been acquired through a combination of own
studies and consultation with experts.

The solution will help Telia to maintain high availability
in their critical systems in case of a battery incident as only a
reduced portion of their battery back-up will be disconnected,
and the rest will be kept operational. The algorithms used are
based on sensor settings, comparison between sensors, time
factors and room conditions. The system also uses
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temperature and humidity in the calculations. The system is
using redundant system controllers and redundant sensors in
each battery section.

The system will automatically disconnect a failing battery
cabinet to avoid thermal runaway*** and if Telia desire in
future, could also be used to control a cooling/fire suppression
system.

Project main objectives - features of the solution:

Early detection of CO being released from a Li-Ion cell:
Performed by a super sensitive and self-calibrating CO gas
detector (0-1000 PPM)

Ability to recognize and select the battery rack with a
failing Li-Ion cell and automatically shut down this rack:
By using algorithms that compare the CO levels, between
racks and between racks and a room reference sensor.
Comparison is also done by temperature and humidity
readings. If there is a conflict or uncertainty in the decision
making, the system shuts down all racks as a safety measure.

Independency from the Li-Ion systems internal
monitoring and control system (BMS):

The protection system is working totally independent from
the battery vendor BMS to ensure that a fault in the BMS
will not have an impact on the protection.

High reliability and robustness:

The system uses redundant sensors and control units which
communicate by Canbus SAE J1939. Interface to the Scada
is through OPC but can be changed to other languages.

Intuitive and easy to navigate human interface:

The system has 2 display screens, one in the actual battery
room for service purposes and one placed outside the room
for emergency staff. Screens are intuitive and easy to
navigate and provide actual status on CO-level, temperature
and show warnings and alarms. The screen also shows if a
battery rack has been shut down.

Clearly visible warnings:

Each cabinet is equipped with a gas collection and fan
assisted hood which includes the sensors and is placed on
the cabinet roof. A red/green beacon provides actual status —
green or red for normal or gas detected.

Possible to use as a retrofit in existing installations:

The modular approach enables retrofit to standard Li-lon
battery racks and does not require intervention in the battery
modules.

&dafo

energy storage protection

SYSTEM A

CO-detection system

Room
Sensor
CO Sppm
Temp. 21°C
Hum. 21

Figure 1. The display shows the affected cabinet in red. A red light is
flashing on the affected racks hood.

@006

Sensor A2-1 Sensor A2-2

co 3 2
1 " Temperature 50 50
Humidity 43 43

Figure 2. By pressing the affected rack actual details will show up. The
rack can also be manually shut down through this panel.

**Dafo Vehicle Protection AB is the parent of Dafo Energy
Storage Protection AB.

*** Thermal runaway occurs often when the heat has
reached the level of heat which the battery cannot emit. The
reaction can also start with mechanical abuse.

Thermal runaway is preceded by a period of increased heat
and ventilation with the pre-release of gas. The Dafo sensor
can detect this gas (CO) about 4-10 min prior to the start of
the thermal runaway.

Figure 3. Picture of actual retrofit hood with sensors
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Fire safety of battery-electric vehicles

A pre-study and knowledge gap analysis
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Background

The mining industry, as other industries around the world, is
facing a major restructuring to meet the environmental goals.
As a part of the change, the industry is moving away from
fossil-fueled vehicles and moving towards an increased use
of battery-electric vehicles. A challenge in underground
mines is the environment in which the vehicles operate and
the heavy strain on the vehicles but also the fact that accidents
underground can be difficult to manage and have major
consequences. A rescue operation in underground facilities
places great demands on emergency planning and on
knowledge on how fires develop in the current environment
and may require extensive resources. In the event of fires in
underground mines, the response route is often long, and it
may take a prolonged period of time before the actual
extinguishing operation can begin.

Statistics on fire incidents in Swedish mines show that
more than half of the fires that have occurred are related to
vehicles [1]. The knowledge regarding the development of
fires in vehicles with combustion engines is well established
and has to a relatively large extent been translated into the
conditions prevailing in underground environments. When
converting to vehicles with new energy carriers, other
conditions and risks need to be considered in safety
assessments and action planning. The majority of the new
energy carriers used within the mining industry are battery-
electric vehicles powered by lithium-ion batteries and hence
the pre-study has focused on the differences between fires in
these vehicles and in vehicles with conventional fuels.

Vehicle fires

Fires in heavy duty vehicles are most often caused by
technical failures such as electrical faults or short circuits,
leakage on hot surfaces in the engine compartment and
frictional heat from moving parts such as wheels and
hydraulic pumps. Fires can also occur due to a crash and can
then be caused by broken fuel hoses, electrical short circuits
and the friction heat from the crash itself.

The fire risks with battery-electric vehicles are partly
different from the fire risks with internal combustion engine
vehicles. Battery-electric vehicles do not have an exhaust
system with hot surfaces. Also, they do not have a fuel tank or
the combustible fluids in the engine compartment found on

Artur Storm

Safety and Transport
RISE Research Institutes of Sweden
Visteras, Sweden

conventional vehicles. However, the lithium-ion battery adds
risks that are not present in vehicles with conventional fuels.
The main risks with lithium-ion batteries are thermal runaway,
hazardous gas emissions and the risk of the battery re-igniting
after the extinguishment [2]. Thermal runaway can occur if
the battery is exposed to, for example, external heat,
mechanical impact, short circuit or overcharging.

Thermal runaway means that electrical energy is released
in the form of heat inside the battery, warms up the battery
cells which in turn increases the thermal runaway. The more
the temperature in the battery increases, the faster the thermal
runaway accelerates causing a self-generating process. During
thermal runaway, there is a risk that the electrolyte of the
battery releases, ignites and produces toxic gases [3, 4]. In
case of incomplete combustion, there is also a risk that the
released battery gases create an explosive atmosphere if they
accumulate [5-7].

Gap analysis

Some fire tests on battery-clectric vehicles in the form of
passenger cars have been performed [4, 8, 9], but no
documented full scale fire tests on battery-electric mining
vehicles have been found in the literature. When it comes to
heavy vehicles with conventional fuels, only a few fire tests
with measurements of heat release rate, temperature and gas
emissions have been performed in mining environments and
then on older machines [10]. The fire load in modern vehicles
has increased as a result of the vehicles containing a larger
amount of plastics and other combustible materials, which
means that these test results are not fully representative of
today's vehicles.

The experience and knowledge of how fires develop and
spread in heavy battery-electric vehicles and how a fire in
other parts of the vehicle affects the lithium-ion battery is still
limited. Preliminary subpack tests [11] have shown that fire
spread from a burning tire to the battery can take significant
amount of time, but at the same time, results from previous
full-scale firefighting tests [12—18] indicate that the available
time to suppress the fire and cool the battery before it gets
involved in the fire will still be shorter than the time required
for the BA-firefighters (firefighters with breathing apparatus)
to reach the scene of the fire.

The knowledge gap also includes the risk of emissions of
toxic and potentially explosive battery gases from a heavy
vehicle in a mining environment. It should be investigated if
the normal ventilation in mines is sufficient to minimize the
risk of a flammable mixture of battery gases occurring or if



BOOK OF ABSTRACTS Nordic Fire & Safety Days

ventilation measures need to be enforced to ensure a safe
environment for rescue personnel and avoid gas explosions in
the mine. Response plans for rescue operations in the event of
a fire in battery-electric mining vehicles may need to be
developed.

A fire and rescue operation in a mining environment is not
substantially different during a fire in a battery-electric mining
vehicle compared to other mining vehicle fires, and the
conventional challenges related to long response routes [12,
13], movement in smoke-filled environment [13—18] and the
limitations [19] of the ceiling height remain unchanged. The
electrification of the mines does however bring additional
challenges to the list, which pinpoints the need of further
knowledge in the firefighting community and may require
adjustments to the tactics and methods used when dealing with
battery fires.

Experience from earlier fire incidents in battery-electric
passenger cars [5, 20] has highlighted the difficulties with
extinguishing battery fires due to the inaccessibility of the
battery, the recurring reignition and the substantial volumes of
extinguishing water needed. NFPA [21] recommends that
approximately 10,000 liters of water is applied, depending on
the size and the location of the battery. The size of the battery
in an electrified mining vehicle will be larger than in a
passenger car. Given the challenging underground conditions
mining vehicles operate in, the protective casing of the battery
pack can also be more durable [22]. It can therefore be more
difficult to both reach the relevant part of the battery with a
water jet and require larger volumes of water to sufficiently
cool down the temperature of the battery and control the fire.

In the event of a fire in a mine, evacuation may occur to
rescue chambers located near the miners’ 'workplaces'. The
Swedish requirements for a rescue chamber's air supply are
based on knowledge from fires and fire tests with vehicles
with conventional fuels [23]. Experiences from a boom truck
fire [24] in 2020, which required a 10-hour use of the refuge
chambers, indicate that the Swedish air supply requirements
should be reviewed, but it is currently not clear what capacity
and operational time is sufficient in the event of a fire in large
battery-electric vehicle. Further studies are therefore required
to be able to plan the preventive fire protection work, carry out
the necessary risk analyzes and develop action plans.

Further development is also needed to investigate the
extent to which active and passive safety systems cost-
effectively can reduce the probability of and mitigate the
consequences of a fire in a battery-electric mining vehicle.
Protection systems that may be relevant include, for example,
thermal insulation of batteries, complementary systems for
detecting critical conditions in the batteries in addition to the
integrated Battery Management System (BMS) and various
types of systems for injection of extinguishing and cooling
agents into the battery pack. Other safety measures that might
serve a special purpose in mining environments includes, for
example, enhanced physical protection of vehicle batteries.

Battery-electric mining vehicles have many benefits. They
do not generate exhaust gases, have a higher efficiency,
require less maintenance, and could possibly lead to lower fire
risks in mines than today’s conventional vehicles. However,
additional research and development is necessary to reach that
point and bridge the knowledge gap described in this paper.
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The risks associated with Li-lon batteries in
vehicles.

Electrification of vehicles

The evolution towards a sustainable and carbon free society is
reflected in the high speed of change from fossil-powered ve-
hicles to electrical ditto. In Sweden today, 5% of the car fleet
consists of rechargeable cars and is expected to grow to 2,5M
cars in 2030. The fast change is also reflected by the fact that
50% of the sales (2021) of new cars consists of pure electric or
hybrid vehicles (statistics from the public site Elbilsstatistik.se).

This is of course positive news but what about the safety?

. Should we be concerned, or can we relax and fully
rely on the battery and car manufacturers safety
guarantees?

. Are there any remaining risks associated with the
electrified cars, the way we use and maintain them?

. Should we care about the electrical infrastructure
and have safety concerns when hundreds of cars are
parked side by side?

. Should we have concerns about large Li-lon energy
storage units being installed in densely populated
cities, in residential buildings and garages to name a
few?

This abstract aims to highlight the safety aspects of using Li-lon
batteries in vehicles and how to mitigate some of the safety
gaps with smart solutions.

The challenges with Li-lon batteries

The Li-lon battery is slowly becoming more safer to use thanks
to the continuous research on its electrical behaviors, new
materials, and improved designs. The matureness and quality of
course vary between manufacturers and the BMS (Battery
Monitoring System), which have a central role in the safety
system, can either originate as an OEM product or be supplied
from a 3" party supplier. In vehicle applications the battery
must manage a multifold of challenges which we will elaborate
on in this document.

In reality, there are incidents with exploding batteries,
emissions of hazardous gases and heavy fires. This happens at
car accidents, post accidents,in car service stations and
scrapyards but also on people’s parking lot or in their garage.
The main cause is mainly due to a phenomenon called thermal
runaway, where the battery cell enters an exothermal reaction
which, if not mitigated fast enough, will be irreversible. At this
stage, the batteries generate their own oxygen, as well as
emitting toxic gases (CO is one of them) and eventually they
often catch fire.

According to Dafo Vehicle’s research and findings over the past
years, the main reasons for thermal runaway are:

. Material deformation (aging)
. Incorrect cell settings

. External short circuit

. Mechanical abuse

° Manufacturing defects

. BMS errors and failure

. BMS limitations

. Failing cooling system

BOOK OF ABSTRACTS Nordic Fire & Safety Days

° Cell swelling (aging)
Above causes can be categorized into three delimited groups:

. Thermal abuse — heat and cold

. Physical abuse — mechanical penetration or crushing

. Electrical abuse - overloads, overcharging,
discharging, internal short in cell

If a thermal runaway has started, there are limited
possibilitiesthat can be done to extinguish the abused cell.

Therefore, it is essential to monitor the battery, retrieve data
and detect gas as early as possible to enable corrective actions.

This would include switching off power through the cell and
cooling the adjacent battery cells to prevent them from
reaching the critical temperature. Already at 60 °C some
batteries start emitting vapors. At the same time, the exo-
thermal process in the electrolyte creates an internal pressure
which at some point in time will force the battery to open its
valve to release the gases (at an elevated temperature) to avoid
an explosion.

As mentioned, the emphasis should be to minimize the damage
by cooling the adjacent cells to avoid thermal runaway. This is
preferably done by cooling with a liquid extinguishing
agent/coolant.

Charging and overcharging is a factor to highlight as many
batteries are often being charged up to 100% while
manufacturers recommend 80%. Overloading and overcharging
are well known causes for thermal runaway.

Speed-charging batteries increase the risk that a damaged, or
incorrectly manufactured battery will initiate an exothermal
process, the pre-phase to thermal runaway.

The challenges with Li-lon batteries in
vehicles

The batteries’ behavior and service life in vehicles are impacted
in many ways by all the factors listed above. Electrified vehicles
are daily exposed to many situations that have various impacts
on the battery.

Battery charging is a big challenge for both the batteries and the
consumers. The recommendations by the four largest rescue
firms in Sweden states that charging of electric cars should be
by dedicated Li-lon battery chargers for electrical cars which
should be installed by a qualified electrician. Charging from
regular 230V outlets using a Schuko plug cable should only be
an exception and is not recommended. The reason is that the
Swedish 230V local utility grid is not designed for the high
capacity required for charging electric vehicles.

The knowledge of charging requirements is generally too low in
Europe. Several of the largest car dealers only ship with a
Schuko plug charging cable and often do not inform the
consumers about the restrictions (which might be intentionally
or due to lack of knowledge).

In the event of a collision between two electric vehicles, the
rescue service classifies collisions over 64 km/h (front to front)
as a high-energy accident. The same classification applies at a
30 km/h side collision and 0 km/h rear-end collision. When the
speed exceeds these limits, the risk is high that the battery pack
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has been abused and that the vehicle must be monitored and
quarantined.

All vehicles where the battery has been subjected to physical
abuse must be quarantined. The time required for quarantine
varies greatly between different vehicle manufacturers. It can
range from 24 hours up to 14 days. Together with the Swedish
Police, the author of this abstract has developed national rules
for seized vehicles which stipulates that the vehicle must be
quarantined for 21 days.

It iss a huge challenge for first responders to an accident
involving Li-lon batteries to understand the status of the
batteries — if they are abused, if there is an ongoing exothermal
process, and if so, if the thermal runaway is close. In the
vehicles there is a BMS whose task is to monitor the battery.
Batteries in vehicles are divided into cells, battery modules and
battery packs. Several battery cells form a battery module, and
several battery modules form a battery pack.

Presently it is almost impossible to know what is happening in
an abused battery. Therefore, vehicle service garages must
work with quarantine sites, which ought to be mandatory in
every service garage that takes care of damaged electric cars.

Ventilation and thermal runaway can occur in the battery when
exposed to thermal, physical or electrical abuse. These
conditions can occur immediately or with delay and on several
occasions. There are many examples where electric vehicles
have been involved in collisions and then transported to service
garages, where the vehicles have started to burn. It is a huge
challenge to know the status of the battery in a vehicle.

Battery abuse forcing cars to quarantine

Leaving a vehicle in quarantine is really demanding from a
finance and resource viewpoint. There is obviously a need for a
safe and straightforward way to enable work with these
vehicles, without compromising the safety.

Based on extensive research conducted by Dafo Vehicle a
portable sensor for measuring CO was developed. The solution
is designed to work directly at the accident site all the way until
the vehicle is handed over to its owner.

$ddo

SENSOR PLACED INSIDE A VEHICLE

By monitoring the vehicle's battery with the portable sensor,
also abused batteries that are uncontactable can be transported
safely. There are examples in both Europe and the USA where
electric cars have started to burn on the flatbed of the tow
truck, which has led to several tow trucks starting to burn. An
early warning can be given by having a sensor system that can
send alarms to a receiver with the driver. Then the driver can
stop in a safe place and in the worst case remove the car from

the tow truck. It is all about early detection to enable the right
measures immediately.

When the vehicle is moved to the service garage for repair, a
warning system is required to make the staff's working
environment as safe as possible. Since a vast amount of toxic
gases can be emitted during Li-lon battery fires, a new approach
to safety is needed. The work environment for service garage
staff is crucial with an early warning as the most effective way
to protect them.

Research

The innovative high sensitivity CO-sensor (1-1000 PPM) solution
is the result of extensive research by Dafo Vehicle Fire
Protection in collaboration with RISE. The testing and analysis
focused on the behavior of Li-lon batteries when entering the
exothermal process, ventilation, and thermal runaway. Since
CO-gas is emitted early on and in a relatively high concentration
from all sorts of Li-lon battery types during the exothermal
process, it was decided to concentrate the design efforts on a
solution that could be used regardless of battery type and in
rough environments (i.e. heavy vehicles in mining). Further on is
was essential that the sensor could manage a wide operating
temperature, having the possibility to measure temperature
and humidity, and offer built-in self-calibration and robust
communication (CanBus).

Quarantine solution

Dafo Vehicle’s proposal for a quarantine site design contains
the following specifications:

. No flammable material may be present within a
radius of 15 meters from the quarantine vehicle

. The surface should be weatherproof

° Fire alarms should be installed (aging)

. Possibility to back a tow truck and winch vehicles
directly into the quarantine site

. Possibility to collect any extinguishing water

. High sensitivity CO sensors installed in areas of
specific risks and hazards

Dafo Vehicle, SVFV and the Swedish Police have collaborated on
the quarantine site design and developed design drawings of
what an adequate site should look like. These are equipped
with the Dafo Vehicle CO sensors.

INVENTO INSTALLED IN A QUARANTINE FACILITY &dafo
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KEY-FEATURES

The sensor is designed
to detect concentration
of CO-gas, and to alarm
people nearby of danger.

The sensor alerts the
surrounding through
visual and audible
alarms. Information that
the alarm has gone off
will be sent to the user
through a text message.

https://www.nfpa.org/-/media/Files/Training/AFV/Emergency-
Response-Guides/Volkswagen/Volkswagen-Emergency-
Response-Guide.ashx
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Abstract and internal defects introduced during manufacture or ageing

Lithium-ion batteries (LiBs) are found in all aspects of our
lives - from small portable electronic devices through electric
vehicles (EVs) to battery energy storage systems (BESS).
LiBs are perceived as crucial to supporting the broad
adoption of renewable energy sources. These require BESS
to manage the intermittency in their power supply for a
reliable electricity grid operation. Applying LiBs in electric
traction has initiated a revolution in the automotive industry
that is motivated to decarbonize the transport sector and
reduce local air pollution.

[1]. Once exposed to such conditions, the LIB can go into
thermal runaway (TR), resulting in toxic gas, fire or even
vapour cloud explosion [2]. One of the main factors
determining the behaviour during abuse is the State of Charge
(SoC). For SOCs, >50%, released gases inevitably ignite in
less than 1 min. However, at low SOCs, <50%, the vapour
may not ignite without sufficient air. Therefore, this
phenomenon could lead to flash fire, fireballs developing, or
in extreme cases, even a vapour cloud explosion in a confined
space.

This work presents the hazards resealed from abused LiBs in
confined spaces. In experiments, we used one Nissan Leaf II
module, which consisted of 8 pouch cells (total of 1.67 kWh).
SoC was set to 40% as we wanted to initiate the vapour cloud
without imidate jet flames. Moreover, we had abused the
module mechanically (by nail penetration technique) to
mimic real scenarios, i.e. car with the tow bar hitting the
BESS mounted on the back wall in the garage. The nail was
set to punch through the first two cells and allow later to
observe the thermal propagation to adjacent cells. Released
gases were monitored by the gas sensors (Draeger Xam-5000
— H,, HCI/HF, HCN, NO,, SO, and CO) and collected via
gasbags and thermal desorption tubes for GCMS analysis.

Initially, the thermal runaway was visible by the evolution of
i ; a thick, white vapour with black solid particles of ejected
- ez % : L ; cathode material. This vapour is comprised of H», SO», NO,,
Figure 1. Vapour cloud released from abused (nail penetration) Nissan HF, HCI, CO, CO,, droplets of organic solvent and an
Leaf IT module. extensive range of small chain alkanes and alkenes. Despite

the explosion hazard, the white vapour's toxicity must be




faced by first responders wherever large LiBs are present in
an enclosed space and one or more cells are in thermal
runaway. Our tests showed a drastic crossing over safety
limits for HF or CO. For instance, for CO, the levels were
higher than Imidate Danger to Life and Health (IDLH = 1200
ppm), and for HF, the concentration was about four times
higher than IDLH (IDLH = 30 ppm). GCMS analysis shows
traces of the electrolyte, its decomomposition producs and
various flammable hydrocarbons in the cloud. That has
profound toxicity implications for the users and first
responders, i.e. proper PPE is needed during intervention and
decontamination after.

That leads to concern for places and transportation using LiBs
— proper ways of identification, warning systems and
ventilation are needed.
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Abstract

In this paper, a series of experiments are presented to
assess the feasibility of using a deluge sprinkler system to
prevent tank rupture from an impinging hydrogen jet. In the
experiments a simulated tank based on plate thermometer
design, was exposed to a small impinging hydrogen jet (Lr =
1 m) while simultaneously being cooled by a sprinkler system
delivering water densities between 12.2 mm/min and 30.5
mm/min.

The results show that, although the temperature at most
of the tank surface becomes significantly lower due to the
sprinkler, temperatures can locally remain much higher (AT
~ 600-800K) which might still cause a rupture of a type-I1V-
tank. It is more likely that a sprinkler system can prevent
rupture of a type-I-tank, but this has not been decisively
proven.

Note: A full paper version is available, with the same title, in
the proceedings of the 10™ International Seminar on Fire and
Explosion Hazards in 2022.

Background

The low volumetric energy density of hydrogen requires
much higher storage pressures (typically 300-950 bar)
compared to other gases which causes significant amount of
stored mechanical energy which is released in case of a tank
rupture. Also, the very high burning velocities of hydrogen
causes the combustion of the expanding gas cloud to be on
the same timescale as the gas expansion, which are further
increasing the maximum overpressure in the pressure wave.
Therefore, this scenario leads to very high pressures and
needs to be prevented in most situations.

The high storage pressures also result in that carbon fiber
tanks with plastic liners (type-4-tanks) are most widely used.
In contrast to steel tanks, where a potential tank rupture comes
from an increase in internal pressure due to gas heat-up, the
rupture of a type-4-tank is primarily linked to degradation of
the tensile strength of the composite material above ~130°C.
Indeed, internal pressure increase before rupture is typically
only in the order of 10%.

Therefore, Pressure activated Pressure Relief Devices
(PPRD) can not be used for protection and instead a
temperature activated pressure relief device (TPRD) are
typically installed. Alternative methods for protections are

Leak-Not-Burst-design or possibly intumescent paint.
However, these methods have been developed and validated
for a hydrocarbon pool fire scenario, which has a significantly
different thermal properties compared to a high velocity
hydrogen jet flame with a maximum temperature of 2180°C
[1]. The effect is also much more local for a jet compared to a
pool fire.

An alternative method, that has been applied to some sites
in Sweden, is to use a deluge water sprinkler system with the
intention to cool the tank and thereby prevent a rupture.
However, this approach lacks scientific underpinning and
therefore the aim of this presentation is to provide some
experimental results to evaluate the effectiveness of such
design.

Methods

To measure the thermal impact, a simulated tank was
constructed based on a plate thermometer design [2]. The
tank was made of 1.5 mm steel with 30 type-KX-
thermocouples welded on the inside with a backing of 25
mm ceramic wool with a density of 80 kg/m®. The
measurement points placed at a distance of 100 mm in both
the horizontal direction and along the circumference.

The tank was exposed to a hydrogen jet from a 0.6 mm
nozzle located 400 mm from the tank. The nozzle was
supplied from two hydrogen tanks at 176 bar and 50 I which
was allowed to blow down to below 50 bar. At the same
time, the tank was cooled by a sprinkler flow of 12.2
mm/min, 24.4 mm/min and 30.5 mm/min. A test without
sprinkler cooling was also performed. An overview of the
setup can be found in fig 1.
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Figure 1. Overview of the experimental setup
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Figure 2. Overview of the temperature profiles of the tank at 150 bar,
100 bar and 50 bar as well as maximum temperature for the
different tests.

Results & Discussion

The target temperature at the different locations are
presented in figure 2 at three different pressures during the
tank blowdown — 150 bar, 100 bar and 50 bar. This is
complemented by the maximum temperature at each
location throughout the experiment. Parts of the tank that
have colors different from the legend are not equipped with
thermocouples (or the thermocouples were damaged during
the experiments). For increased readability, only the first of
the two iterations at 24.4 mm/min sprinkler flow are
presented. It can be seen that the temperature is generally
either below 100°C or close to the temperature without
sprinkler. This is due to that the cooling is primarily based
on a water film being formed at the surface of the tank.

In figure 3, the influence of the water sprinkler system
om flame visibility can be found. The effect is most likely
due to emission from excited water vapor expected to
radiate at the yellow-orange-spectra.

24 4 mm/min

Figure 3. Flame visibility at different sprinkler densities

30.5 mm/min

1000 1300

(a) Note that for this test the sprinkler was placed on the tank centerline
while on the other tests it was placed 750 mm in front of it to allow better
effect on the point of jet impingement.

Conclusions
The results show that a sprinkler system will provide some
cooling of the tank, but locally the temperature can still
increase 600-800K even for the rather small jet used in the
current study. This is higher than what is expected during a
bonfire test where type-4-tanks, without TPRD, are expected
to fail in less than 10 minutes [3]. Therefore, the use of a
water deluge sprinkler system, even at 30.5 mm/min, cannot
be used for prevention of a tank rupture for a composite tank.
However, since the average temperature increase across
the 28 measuring points decreases from 568K to 90K, it
might be possible to prevent rupture of a steel tank (i.e. type-
1-tank), but this must be further tested using larger jets.
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Introduction

Water sprays are most utilised extinguishing agent for fires
and especially cellulosic fires [1]. However, the practical
efficiency of a water spray depends on several factors such
as the ability of the spray to penetrate the flames, the droplet
sizes and the actual amount of water that effectively
contributes to the extinguishment process. Generally,
firefighters attempt to use the available water in the most
efficient way to limit the consequences of a fire. During a
firefighting operation, the incident commander must choose
either an offensive or defensive tactic based depending on
the fire severity and resource availability. In large open-
frame structures with unprotected structural elements
exposed to a travelling/spreading fire scenario, there is a
significant risk of structural collapse. Attempting to enter
the building can be risky for firefighter safety and the
amount of water resources may be insufficient for an
offensive attack. An oft employed tactic under such
conditions is the structural cooling of load bearing steel
elements. And this poses the question: Does structural
cooling ensure that firefighters can safely enter a building?

In this work we, investigated the feasibility of using coupled
computational fluid dynamics (CFD) and finite element
(FE) simulations to aid the planning of fire intervention
tactics and the effectiveness of structural cooling approach
during firefighting were investigated.

Methods

The characterization of the water sprays was carried out for
two water sprays, generated using TFT Blitzfire monitors,
using bucket tests in a 24 m x 8.4 m x 5.2 m hall at the Fire
and Rescue Services College of Finland and the results were

used for calibrating the CFD spray model. The cooling
efficiency of the water spray was measured experimentally
by applying them on a fire exposed steel beam, and the
results were used for validating the coupled CFD-FE model.
The validated model was used to simulate fire intervention
in a fictitious warehouse with a single large opening and
with exposed steel truss beams. The fire intervention was
simulated with either one, two or three water sprays for
different suppression durations. The sprays were aimed onto
the truss beam situated 33.5 m away from the nozzle at a
height of 7.0 m with the longest fire exposure as shown in
Figure 1. Subsequently, stress analyses of the cooled and
uncooled truss beams were performed, and deformation
behaviour was studied. A detailed analysis of the fire spread
modelling and the structural analysis of the heating phase
without fire intervention is reported in [2].

Figure 1: Illustration of the different spray scenarios, their
arrangement and region of impact.

Results

The experimental results showed that the cooling power of
the spray was proportional to the amount of water used. A
cooling period of 10-15 s was sufficient to produce 50 -60
% reduction in steel surface temperatures in the hottest
region. The spray modelling showed that the water
distribution pattern is highly sensitive to all the modelling
parameters and should be carefully calibrated.

In the fire intervention simulations, the results indicate that
the cooling effect in this scenario was lower than in the
beam experiment due to the longer distance and higher



overall temperature. This implies that the pure structural
cooling tactic might not be efficient in such buildings as it is
extremely difficult to aim the sprays precisely onto the truss
beams. However, a significant reduction was observed in
the thermal environment around the truss beam when the
number of water sprays were increased. In addition to the
cooling, the water application also affected the simulated
fire spread and power, although this effect was not
validated. The results showed that using too small
suppression resources can lead to an acceleration of fire
development, as the evaporation of the water spray enhances
mass flow and turbulence inside the compartment. An
important tactical lesson is to ensure that sufficient
resources are available before attempting a direct
extinguishment of such a strong fire.

FE analysis of the studied truss beam showed that 360 s of
water application resulted in the reduction of the steel
temperatures to the range of 200 °C to 450 °C. However,
insufficient water coverage created turbulent conditions in
the warehouse that dramatically increased temperatures in
the post-fire period. The cooling of the truss beam at the
mid-section successfully prevented further deformations
during the suppression. The temperature rise in the post-
suppression period did not increase the deformation at the
mid-span significantly. However, the truss beam failure is
inevitable if it is exposed to such high temperatures for
longer time. The relatively large transverse displacements of
the truss beams suggest that out-of-plane restraints are
critical in fire-safety design. The vertical displacements of
the cooled and uncooled truss beams were within the
commonly used ‘span/20’ deformation limit.

Based on the results obtained from the investigated scenario,
the structural cooling approach does produce a reduction in
temperatures in the cooled region but does not limit the fire
spread. Its effectiveness in real scenarios is uncertain
especially in large structures. The results also show that the
numerical simulations of fire development and structural
response provide a safe and powerful methodology for
studying and planning fire intervention tactics.
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Background

The world is moving towards environmental changes in the
foreseeable future [1]. As people become more aware of the
this, the concept of sustainability permeates both
commercial and private practices. The idea of sustained
usage over time, with minimal material and energy waste, is
becoming a common question for investments both large
and small for companies as well as for individuals.

The building franchise is no different — buildings can
achieve different certifications depending on their
environmental impact. Some examples are BREEAM [2] or
LEED [3]. Additionally, as of January 2022 new buildings are
required to produce a climate declaration in accordance with
Swedish law [4]. These regulatory changes and certification
processes invoke constructors to strive for sustainable
buildings in a way that the society desires.

When it comes to fire protection in buildings many
materials that are traditionally used to achieve adequate levels
of fire protection are deemed non-sustainable. To motivate
usage of traditional materials from a sustainable point of view
it is imperative to achieve a lesser impact by being able to
reuse them or to use them over a longer building lifespans. By
doing this material lifetimes are extended and thereby the
environmental impact can be diluted over time.

An alternative to reusage or longtime usage is the more
common option of exchanging the traditional materials to
more sustainable options. Using timber in the load-bearing
structure or using more sustainable insulation materials like
glass wool of wooden fiber insulation can provide more
sustainable buildings. These changes can reduce the
environmental impact of buildings, but at the same time the
robustness of the fire protection may be affected by these
material changes. The fire safety robustness is at risk of being
compromised as conflicting goals of sustainability generally
aims for combustible materials and thereby lesser fire
resistance.

But what is robustness? From a structural perspective
robustness can be defined as:

” The ability of a structure to withstand events like fire,
explosions, impact, or the consequences of human error,
without being damaged to an extent disproportionate to the
original cause.[5]

Looking into the specific event of fire the fire safety
robustness can thereby be seen as how proportional the
structural damage may be in relation to an event caused by a
fire incident. Furthermore, if a structure, e.g. a steel column,
that is part of a system and parts of that system are changed
the fire safety robustness, i.e. the damage proportionality in
relation to an event caused by the fire, may change as well.

So how can we analyze the changes of fire safety
robustness of a system to evaluate if fire safety objectives are
met when modifications are done to the system? How can we
make smarter decisions regarding adequate fire safety
robustness in relation to personal safety?

One answer in certain design situations is the usage of FE-
analysis to evaluate thermal penetration of a fire in critical
parts of building systems.

FE-Analysis in fire protection
The finite element method (FEM) is a numerical
methodology used to solve differential equations for
physical phenomena such as heat transfer over a region. The
solution is obtained by dividing the region into a finite
number of elements [6].

The methodology is commonly implemented in software
to extend the number of elements studied. With the use of a
transient analysis the thermal response of a building systems,
such as an external wall, from a fire can be replicated, see
figure 1 below.

JL

Figure 1. FE-model displaying thermal penetration from a standardised
fire exposure



As temperature dependent material properties are
assigned to the different parts of the structure thermal
responses such as charring of wood-based materials and
melting of glass wool can be simulated to some extent [7].
This makes it possible to simulate the effects of a fire
furnace test on building systems, such as an external timber
stud frame walls, and evaluate the potential consequences of
changing components within the system.

Case study

Based on the potential of FE-Analysis in fire and the at times
opposing goals of sustainable buildings and fire safety
robustness an ongoing case study is conducted. The study
aims to quantify the changes in the fire safety robustness when
sustainable insulation materials are used instead of traditional
ones. The case focuses on the event where protective
coverings fall off due to the fire and expose critical parts of
the load bearing structures. Does structural damage
proportionality to this event change with different kinds of
insulation materials?

The aim is pursued by evaluating isotherms and specific
temperatures of critical parts within different external wall
systems exposed to a transient standardized fire exposure
(ISO 834) using FE-Analysis. The changes in fire safety
robustness are quantified by the changes in temperatures of
the steel column with the different external wall setups.
Thermal penetration is analyzed by studying the change of
positions of isotherms within the system over time. Charring
of timber are estimated to coincide with the 300°- isotherm.[8]

The full extent of the damage proportionally in relation to
the protective covering fall off caused by the fire are not
evaluated in detail, as only the thermal responses of structures
by the fire are studied. Consequently, the mechanical
responses are thereby not analyzed. To fully assess the
proportionally of the damage the combination of thermal and
mechanical responses of the critical parts to the fire needs to
be evaluated together. However, higher temperatures and
different temperature distributions in critical parts of the load
bearing system increases risk of large disproportionate
damage in relation to the gypsum fall of due to fire.

The external wall systems studied is a light gauge steel
frame and a timber stud frame system. The wall systems are
clad with gypsum plasterboards encapsulating a load bearing
rectangular hollow sections (RHS) steel column, as seen in
figure 2 below.

Figure 2. The external wall configuration with timber studs partly used
in the FE-analysis.

The two systems are tested with different configurations
of insulation materials such as Stone wool, Expanded
Polystyrene insulation (EPS), Phenolic Foam (PF) and Wood
Fiber Insulation batts.
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Conclusions

The thermal penetration from a fire into external wall
systems may vary depending on the characteristics of the
chosen insulation material. Still, the thermal response of the
exposed steel columns from the fire is quite similar in
comparison but high. This makes the fire safety robustness
unchanged from structural point of view focusing on the
thermal response of the column. The damage will still be
disproportional to the cause if premature fall off of the
protective coverings occurs independent of the insulation
material.

However, there are many more fire protection aspects to
consider when making changes between different combustible
insulation materials in external walls apart from load bearing
structures, e.g. external fire spread.

The degree of validation conducted for the different
material properties of the insulation materials used in the FE-
Analysis vary and it is thereby suggested that further work
should involve validation of these by fire furance tests.
Furthermore, a fully coupled thermal and mechanical three-
dimensional FE-analysis should be done to fully investigate
the fire safety robustness.
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Introduction

Demonstrating the adequacy of fire safety measures in the
built environment requires assessment a variety of elements,
concerning the level of uncertainties in the designing stage.
The recently published standard ISO 24679-1:2019 Fire
safety engineering — Performance of structures in fire — Part
1: General [1]is focusing on the performance of built structure
in occurrence of a real fire.

There is a low likelihood that a building will face a serious
fire, but if it happens, the outcome can be a disaster [2].The
process of changes in fire safety in buildings started from plain
prescriptive codes developing into rational engineering based
on performance goals[3]. In the past, fire resistance in
buildings was achieved by designing the building for
performing in ambient temperature and in the next step add
extra elements like insulation into individual part of structure
to enhance the safety of building[2]. These extra elements
were defined according to regulations and standards like the
Eurocodes. Nowadays, fire safety may be assessed by using
engineering approaches, based on the consequences on life
and health, property, continuity of operations, the
environment, and cultural heritage. Fire safety engineering
(FSE) is applied to support performance-based strategies
highlighting fire safety objectives, functional requirement
sand performance criteria [4]

As it was mentioned earlier, the standard ISO 24679-1
provides a methodology for assessing the performance of
structure in the built environment which is developed in
compliance with /SO 23932-1 Fire safety engineering —
General principles — Part 1: General [5]. This abstract
presents the outline of a Master’s degree project that is
performed during the spring 2022.

Objectives

The aim of the project is to describe some steps of the
process when applying ISO 24679-1 to a case object.
Advantages and weaknesses by using this method compared
to traditional methods shall be described, including what kind
of obstacles engineers may face during the process, and the
efforts required to implement the standard. Which information

that is required shall be defined in a sensible and
understandable way and finally recommendations that will
make it easier for fire safety engineers to apply this standard
in their work shall be given.

Methods

A two-storey steel structure called Nova spectrum [6]is
considered as the case study. In this regard, a review of related
published technical reports will be performed:

ISO 24679-2: Example of an airport terminal [7]

e SO 24679-3: Example of an open car park [§]

e [SO 24679-4: Example of a fifteen-storey steel-
framed office building [9]

e IS0 24679-6 Example of an eight-storey office
concrete building [10]

NOVA Spektrum is an arena for trade fairs, exhibitions,
congresses, conferences, banquets, concerts and events and
conducts business in connection with this. It was established
in 1920 with area of over 46000 square metres. This arena
includes 9 different halls which it was suggested to consider
just one hall with area 7274 square meters called hall B. This
hall hosts 6000 people in trade fair event with different stands
or 12000 people in concerts without stands and chairs. So, it
will be occupied by quite a lot of people. On the other hand,
by considering a fire consequence which endanger life,
society, environment a construction can be categorized into 4
fire classes [11]. Due the high capacity of this place, the
impact of occurring fire can be defined very serious.
Therefore, this building is classified into fire class 4.
According to “(Byggteknisk forskrift - TEK17)” when a
building is considered as fire class 4 it means main load
bearing systems in the structure shall be designed to bear
completely the load bearing capacity and stability during the
event of fire [11]. More detailed information will be provided
in the final study.
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Figure 1. A landscape picture of case study in this project, NOVA
Spectrum [6]

Results

A comprehensive study of the related published technical
reports is done so far. In these technical reports, results from
analyses of a 2-storey airport terminal, an open car park, a
fifteen-storey steel- framework office and an eight-storey
office concrete building are presented. Two more technical
reports are under development but not published yet. The
information from the technical reports will be applied in the
analysis of the case study. Final results of the case study and
conclusions will be presented in the conference.
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Abstract

The use of intumescent coating (IC) to fire protect steel
structural elements has significantly increased in last two
decades, due to the numerous advantages that IC provides in
terms of speed of construction, aesthetics, versatility in
application site, and moreover, cost savings and higher
insulating efficiency [1]. Despite the increased use, the
performance of ICs is still not fully understood, both from the
thermal and mechanical points of view.

In particular, it is known that the thermal resistance of the
intumescent coating is not only dependent on the temperature,
as assumed in current design methods [2], but also on the
heating rate [3], substrate [4], shape of the profile [5], and
orientation of the element [6]. Furthermore, IC is a concept
that involves a wide range of products with quite different
compositions and characteristics that are used to protect
structures against various fire exposures (cellulosic,
hydrocarbon, etc).

However, while an extensive effort has been devoted to
study the thermal response of the ICs, in the available
literature there is limited research on the mechanical
performance of the coating. Some recent experimental studies
conducted at DTU have highlighted the possibility of cracking
and early detachment of the IC on steel samples protected with
epoxy coating subjected to large tensile strain [6] [7] [8].
These results may indicate additional shortcomings in current
design methods, which assume that the IC is capable to follow
the large deformation of the steel elements and remain in
place.

In particular, steel beams are designed against fire by
assuming the effective yield strength defined in the Eurocode,
which corresponds to the strength value at 2% deformation of
the steel [2]. This deformation is quite high and could
therefore cause cracking and possible detachment of the IC.
However, at present, data on maximum allowable strain in the
IC are not available, nor it is investigated to which extent the
cracking of the IC can be counteracted by the expansion
during fire.

This behavior is seen under high temperatures, but it is not
the same when the steel is subjected to large deformations
before a fire. This is e.g., the case of fire following
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earthquakes (FFE), which are at present not considered as
accidental design case in codes [9]. Nevertheless, fires during
or immediately after earthquake are likely events, as they are
often triggered by earthquakes. According to historical
records, the damage caused by FFE, frequently outweighs the
destructions caused by the actual earthquake. For instance, in
the case of the 1906 San Francisco earthquake, the largest
urban fire of that time, more than 80% of the damage was
caused by post-earthquakes fires [10]. In these cases, the large
deformation sustained by the building during the earthquake
could damage the passive fire protection, as it is only the steel
elements that are designed to sustain the effect of design
earthquakes and to dissipate the energy through their
structural ductility. Thus, the fire resistance of load-bearing
structural systems could be reduced, which would affect not
only the safety of the structure, but possibly also of the
occupants and rescue services. In particular, information on
the building fire resistance is essential for fire fighters, who
base their fire-fighting strategy upon it.

Objective and method

The main objective of this project is to find a correlation
between the deformation in the steel and damage of the
insulation. As it was mentioned before, when it comes to
post-earthquake fires (PEF), the aim is to find out the
deformation that a building can sustain at ambient
temperature (20°C) before having a damage in the coating.
On the other hand, the second objective focuses on the
reliability of assuming the key deformation values used in fire
design for steel structures, as being suitable for sprayed-fire
protective materials (SFPM) as well. The deformation must
be followed by the IC without causing large cracks or
detachment, but it does not exist any indication that the
coating will resist without damage.

In this view, two sets of experiments will be conducted on
different steel samples coated by two different intumescent
coatings: a two-component epoxy-based thick IC (indicated
below as E) and water-based thin IC (indicated below as W).
The experiments will avail a mechanical actuator and, for the
tests at high temperatures, a cylindrical electric oven (Fig. 1).
The two possible types of experiments can be differentiated
as:



- “transient tests” (noted as TR), where the specimen is
first loaded at a given load level and then heated until failure
of the specimen or the IC is evidenced;

- “steady-state tests” (noted as SS), where the specimen is
first heated to a given temperature and then loaded until failure
of the specimen or IC is evidenced.

This terminology is adapted by past literature [11] [12] for
concrete, which has a different fire resistance and ductility in
the two cases. Similarly, a different behavior is expected for
the IC, as a loaded specimen must first be detensioned before
cracks appears in the paint.

Fig. 1: Experimental apparatus (cylindrical electric oven).

The focus will be on the steady-state tests, where three
temperatures will be considered for (20°C, 300°C, 600°C). In
particular, the ambient condition tests (at 20°C) are aimed at
highlighting the damage that IC could suffer during accidental
events other than fire, which can though affect the fire
resistance of structural elements to subsequent correlated fire,
such as the case of earthquake mentioned above.

Also, two different types of profiles are analyzed: steel
rods and steel strips, noted below as R and S, respectively. The
SS tests are planned to be carried out on rectangle-shaped
profiles as well as on steel rods just for one relevant thickness.
Each test will be repeated three times to monitor the variability
of the outcome data and to guarantee the reliability and
consistency of the test procedures and results.
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Abstract

A test method for gas flame exposure of concrete wall ele-
ment surfaces. Wall element specimen are forced into a
compression state prior to the tests, in order to ensure that
concretes susceptible for spalling will show continuous
spalling. In this abstract some test results are presented.

Tests performed

A number of screening tests were made using a standard
concrete cylinder test setup [1], in which a sudden heat
radiation exposure from an oven at 1,000 °C for 30 minutes
results in a Tsurrace=800 °C. During these cylindrical tests,
it was found which concretes were not susceptible for
spalling [2]. Next step was to make a propane gas burner test
for the concretes that did not show spalling behavior, which
is described in the following, starting with a preliminary test.

>

Figure 2. Preliminary test setup with a common propane gas burner. The
flame impinges the surface of the concrete.

The setup for the propane exposure tests (Figure 3), consist
of a frame made of a top and bottom C-profile and four
threaded rods (two in each side) shown in Figure 3. The frame
is placed on a platform made of timber. The system leveled
in place and supported by wedges etc. for achieving a stable
system. A concrete wall element (specimen) ready for testing
is placed in the frame and adjusted horizontally and vertically
to ensure the desired placement in the setup, see Figure 3. The
threaded rods are tightened using a torque wrench. The
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applied tension is adjusted according to the size of the
specimen for reaching a desired compression in the concrete.
When the specimen is in place, the gas burner placed in front

of the concrete surface, with the gas burner head of 50 mm
distance to the concrete surface. The type and amount of gas
i.e., the burning rate, is selected by the valve according to the
test plan. A balance is part of the test setup for measuring the
mass loss of gas during the test. In this way, the energy
release rate is calculated. The setup ensures that the gas flame
exposure made on a concrete specimen of a certain size,
compression, representing a small but realistic part of an
enclosure or tunnel [3]. The setup includes a data logger for
sampling of temperatures via thermocouples (type K).
Thermocouples placed in different distances from the con-
crete surface, and one on the surface as well.

I TN
I A |
[

200 mm C-profile - steel FE 410
2.pcs 20 mm threaded rods at //‘\ //—\>

both sides > ’\J

@
@

o ¢

Test specimen (wall)

T + HH + HH + HH HH + HH
Figure 3. Test setup for tests of concrete wall elements (in compression),

with gas flame exposure [3]. Exposure by propane gas flame 30
min, resulting in Tsurrace >950 °C within 5 min

After the initial standard cylinder tests, three types of con-
cretes were selected, and tested as wall elements.

Concrete recipes B, C, D (all including PP-fibers):

B: Dense concrete. Probably not susceptible to spalling, at
least when PP-fibers added

C: Dense+ concrete. Could be susceptible to spalling, but
the amount of fillers are on a relatively low level, so adding
of PP-fibers will probably remove the risk

D: Dense+ and high-strength concrete. Experience has
shown susceptible to spalling, but reducing of moisture
level, and adding of PP-fibers can probably remove the risk.



It is the three concretes with PP-fibers (concrete B, C, D) that
were further tested with propane, because none of them
showed sign of spalling in the preliminary 1000 °C heat
radiation exposure on standard cylinders.

Table 1Composition of the tested concretes

Characteristic w/c- Micro Fly Plasti PP-  Aggr

ratio cilica ash zicer  fiber egate
A Reference 0.45 0% 0% 0 0% Sea
B Dense 0.40 1% 0% + 1% Sea
C Dense + 0.35 2% 2% + 1% Sea
D Dense + High 0.30 4% 0% + 1% Sea

strength

The percentages in table 1 are by cement weight. Curing
should be at least 28 days, however longer is better and even
more realistic, and we had a curing time of at least 60 days.
A water bath (40 °C) used for accelerated curing for the
previously casted and tested standard cylinders, but not for
the current “wall specimen”. It is relatively important to reach
the same moisture level just before the tests, in order to get
comparable results. The compressing should be at least 1.2
MPa, ensuring that the concretes susceptible to explosive
spalling in fact are spalling continuously. If this compression
is released, then it is often seen that the spalling stop. For each
of the three test items (wall elements) a few propane gas
burning exposures performed. The concrete elements for tests
by exposure of gas, presented below in Figure 4 and 5.

Figure 4. Concrete elements, Dim. Wx Lx T = 1000 x 1000 x 100 mm.
Three test items of different concretes recipes (B, C, D) casted for tests

Figure 5. Tests with a propane gas burner exposure on one of the wall
elements (WE1), w/c=0.40, concrete B, dense
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The temperatures measured by thermocouples placed at
different distances from the concrete surface, see Figure 6.
Temperature measurements (Wall elements)

o)
Placement of Thermocouples (TC) —o
—o

L[]

—
5 TC (type k) placed in bored holes, in the following

distances from exposed surface:

TC_surf  Omm (channel called 105)
TC_10 15mm (channel called 101) 100 mm
TC_20 25mm (channel called 102)
TC_30 35mm (channel called 103)
TC_80 80mm (channel called 104)

See the following graphs for temperature
measurements for 3 tests (t=0...30 minutes)

Figure 6. Temperature measuring points in the concrete wall elements

Results

Wwall w/c | PP-Fibre Gas flow | HRR Spalling | Cracks

Element |(-) |yes/no (g/min) (kw) | (yes/no)

WE1 0.40 vyes Gas 16.50 12.65 no fine cracks
flame

WE2 0.35 Yes Gas 17.75 13.53 no fine cracks
flame

WE3 0.30 vyes Gas 17.60 13,49 (no)* fine cracks
flame

Figure 7. Tests of wall elements with gas flame exposure. The first results
with propane flame tests. No spalling occurred, just some fine cracks.

Conclusion

The tests in the first standard cylinder tests [1] found the types
of concrete recipes showing spalling or not. The concretes
without spalling went to the next level of tests, which was a
propane flame exposure in the test setup [3]. None of these
propane gas flame tests showed sign of spalling. In the next
step these 3 concretes will be further tested using a 700 bar
setup for a hydrogen flame exposure simulating impacts of
fuel cell vehicles on structures.
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Introduction

Traditionally in Europe the fagade and external wall
constructions are approved based on material reaction to fire
and fire resistance classification. In general, use of
combustible materials is limited. Such restrictions limits the
application of bio based materials, that could improve the
sustainability in the construction sector.

In order to provide more flexibility in choice of building
materials, it is desired to move away from the rigid regulations
and substitute them with knowledge based fire safety
assessments for individual construction projects. This can be
achieved through improving the fire safety competencies and
understanding the application and limitations of existing
engineering tools. The aim of this study is contributing to
understanding of the external fagade fire spread. This is done
by examining numerical model capabilities for predicting
thermal load imposed in ISO13785-1 [1] by using different
heat outputs from the burner.

Front view
200, &

9 Side view

=]

12 600

]
h

Figure 1. Test instrumentation. PT — plate thermometers, TC — gas
Pphase thermocouples

A reduced scale fagade mock up test, based in ISO13785-1
is used for this study. The test setup consists of corner
configuration of non-combustible walls and gas burner with
opening dimensions of 100 x 1200 mm?2. The corner is set
of 1200 mm wide back wall and 600 mm wide side wall.
The height of the walls is 2800 mm. This presentation focus
on the test data for the numerical model validation. The
other aims of the testing programme are investigating the
thermal load, repeatability, reproducibility of the method as
well as influence of the burner heat output and the presence
of the side wall. The test setup is instrumented to determine
the thermal load to the fagade surface as presented in Figure
1. Nine custom made plate thermometers and 15 gas phase
thermocouples are placed in three columns on the back wall.
Four gas phase thermocouples are placed on the side wall.
Three different propane gas burner outputs are used in this
study: 100kW, 75kW and 50kW.

Numerical Model

Numerical simulations are done with Fire Dynamics
Simulator FDS version 6.7.7 [2]. Two mesh cell sizes are
used in the computational domain: fine mesh near the facade
and coarser mesh in areas further away from fagade. 20/40
mm mesh and 10/20mm mesh is investigated as a part of the
mesh cell size sensitivity analysis and presented in Figure 2
and Figure 3. The figures suggest grid independent result
with 20mm mesh cell size near the fagade.

Grid sensitivity Plate Thermometers - simulations
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Figure 2. Grid sensitivity to the plate ther ter measur ts
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Figure 3. Grid sensitivity to the gas phase thermocouple measurements

Results

A photo from the test and visualization from the simulation
are presented in figure 4 and 5 respectively. The gas phase
thermocouple measurements increased rapidly and
stabilized in a very short time after the beginning of the test.
The plate thermometers took longer (approx. 250 to 400
seconds) to reach relatively stable temperatures. Significant
differences in gas phase and plate thermometer temperatures
were observed between measurements close to the corner
and near the open side of the back wall, indicating a strong
effect of the corner. In the tests with burner output of
100kW, the measurements in column C were up to 200 %
higher than the column A measurements (refer to Figure 1).

B wcnnn NS
Figure 4. A photo from the 100kW test

The time averaged steady state plate thermometer
and gas phase thermocouple measurements are compared
with the numerical simulation predictions in Figure 6 and
Figure 7, where the blue lines marks 20% and red lines marks
50% error. It can be seen that most of the prediction falls
inside 50% error. That numerical model overpredicts the
thermal loading in this specific test scenario in most
measurement points.
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Figure 5. Pyrosim visualization of 100kW test
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Figure 6. Grid sensitivity to the gas phase thermocouple measurements
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Figure 7. Grid sensitivity to the gas phase thermocouple measurements

The presented results will be used as a step for
validating the model for predicting the fire behaviour of
combustible, bio based fagade claddings.
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Abstract

National strategy for sustainable building sector
Denmark has formed a national strategy for sustainable
buildings in Denmark.! The strategy introduces an addition
to our Building Regulations BR18, a so called “voluntary
sustainable class” that is active on a voluntary basis from
2020-2022. Building designers can adopt this sustainable
class during this period and in the process generate and
build up a bank of new knowledge that will be required
when the strategy is implemented as law. This law will be
implemented in 2023 for buildings over 1000 m? and for
buildings below 1000 m? from 2025. In this law there will a
requirement for LCA-analysis and limits set for CO»
emissions, measured in kg. CO,- equivalent/m?/year. These
CO; limits will be reviewed and updated every second year,
based upon the experience gained during the process.

The limits set for CO,-equivalent/m*/year will initiate the
increased usage of sustainable materials and in some cases
also renewable building materials. In this context, Biobased
products from for example straw, grass & wood fiber etc.
which are normally considered to be waste products, will in
the future have the potential to be used as sustainable and
renewable construction materials and also a means to store
CO,, i.e. contribute to negative CO,-emissions.

In order for the build environment sector to work with this
new strategy for sustainable buildings, the educational sector
must also contribute. This project focuses on just that,
educating future architectural and construction engineers plus
future craft workers on how to design and work with Biobased
building materials and Biobased constructions. The
showstopper in Denmark so far, has been the need to
document that constructions using Bio based materials will
meet conservative Danish fire regulations.

! Indenrigs- og Boligministeriet, “National strategi for baredygtigt
byggeri”, ISBN: 978-87-971298-8-3

Fire classification of Biobased building materials
Many of the Biobased build materials available are today
characteristic as having flammable reaction to fire, i.e.
classified as E-F according to the European standard 13501-
series. This low fire classification, means that in Denmark
there is a limited usage of this material with respect to the
pre-accepted solutions for fire safety. Therefore, in order to
implement more Biobased building materials in the
construction of future buildings, the fire safety must be
executed by the highest certified fire engineer and a third-
party fire engineer with a so called “oriented fire test>”
performed in accordance with the guidelines for the Danish
building regulations. Many companies and test facilities
wish to perform these fire tests to help new Biobased
products to enter the market. However, before the building
industry can use Biobased materials on a wide scale, it is
necessary that Bio-construction possibilities are researched,
analysed and tested and the results made public to all
involved, including the future workforce in the construction
industry.

Education of the future workforce for the building
sector
Based on the above-mentioned requirement for
implementing Biobased building materials and the expected
rapid introduction of new materials in the coming years, it is
very important that educational institutions support this
movement. Therefore, at VIA University College where we
educate Bachelor of architectural and construction
engineers, we have currently a research project where we
include the students in the research process.

At the moment a pilot test project is being conducted with
our second semester students, where these students are given
lessons in Biobased materials and the pre-accepted solutions

2 Oriented fire testing is part of the Danish Building Regulations BR18



BOOK OF ABSTRACTS Nordic Fire & Safety Days

for fire safety. Using this knowledge, the students then design
Biobased constructions for different building parts, such as
walls, roof, etc. The preliminary results show several
interesting proposals for further analyses.

The next step in the research project is that fourth and
seventh semester students will conduct the same study as the
second semester students, but here it is required that these
more advanced students consider and perform more technical
analyses, ensuring that their designs meet the Danish building
regulations for moisture, radon, sound, absorption and energy.
The students are educated to consider buildings of different
heights and if their construction designs are not in accordance
with the Danish pre-accepted solutions for fire safety, the
students are/will be given lessons, in how different materials
such as Bio claddings behave in fires and how construction
designs can be put together with fire safety in mind. This
educational process will ensure that the student’s designs will
have the best chance of passing the oriented fire test. The best
construction designs will be selected and checked for quality
by the educator and also external partners before the selected
designs are built as mock-ups for fire testing

The mock-up will be constructed by craft students as part
of their education at Technical Colleges institutions such as
Aarhus Tech College. In this way the future Danish crafts
workforce also participate in this research project, and this
segment will gain knowledge on how to physically work with
Biobased building materials and hence this segment will also
be better prepaered for the increased usage of Biobased
building materials in the future.

Fire testing of the mock-ups and presentation of the
results

The mock-ups designed by VIA’s architectural and
construction engineering students and constructed by craft
students, will be fire tested by The Danish Institute of Fire and
Security Technology.’ It is expected that the fire results will
be presented in the autumn of 2022 and that the education of
future students, will be adjusted according to the results
obtained in the fire testing. In this way VIA University
College, are contributing to the transformation of the building
sector to a more sustainable future.

Can layers of different flammable BIO based
building materials be included in wall and roof
constructions and meet conservative Danish Fire
regulations?

The analyses performed so far indicate that the answer to this
question will be yes, however the proof will come from the
results of the fire test that will be performed later in 2022.

3 https://brandogsikring.dk/en/fire-testing/
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Abstract

Fires in ro-ro spaces of ro-ro ships form a significant risk to
the safety of people onboard. Heat and smoke from a fire can
spread through ro-ro space openings to critical areas such as
embarkation stations and life-saving appliances, thus
endangering safe evacuation.

VTT has studied the fire safety issues of ro-ro space
openings and related safety arrangements in the European
LASH FIRE project. Fire simulations were performed to study
heat transfer and smoke spread from ro-ro space side and end
openings to critical areas. The purpose was to evaluate fire
risks due to the openings and the effect of possible risk control
measures.

Simulations

Fire simulations to study heat transfer and smoke spread from
ro-ro space side and end openings to critical areas were
performed using the Fire Dynamics Simulator (FDS)
software. Real geometries and safety arrangements of
existing ro-ro ships were used as the basis of the study.

Time(s) 300

Smake movement Time(s) 600

Figure 1. An example of fire simulations showing smoke spread.

Based on statistical data collected in the FIRESAFE I
study [1], ship cargo is most likely the origin of fire in the
vehicle decks. Thus, a heavy goods vehicle (HGV) fire was
chosen as the design fire for the simulations. Heat release rate
(HRR) curve for the design fire was formed on the basis of a
fire test result by Cheong et al. [2]. The HRR curve from the

test was simplified and approximated so that the experimental
values remained below the design fire curve.

The studied scenarios included an HGV fire in different
locations. Wind direction and speed were varied. Figure 1
illustrates the simulations showing the development of smoke
spread in a scenario with portside wind.

The safety of the designs studied was assessed using the
life safety performance criteria presented in MSC.1/Circ.1552
[3] in terms of air temperature, radiant heat flux, visibility and
CO concentration for humans. For material safety, a heat flux
criterion was defined.

Results and conclusions

Potential risk control measures to establish safe design with
ro-ro space openings were identified and discussed on the
basis of the fire simulation results.

The simulations showed that manoeuvring can be used to
direct smoke away from critical areas if conditions are
favourable. The necessary condition for this action is that the
ship is manoeuvrable, i.e., there is no blackout. Furthermore,
the change of the ship’s course shall not endanger safe
evacuation in rough seas. Wind speed and direction shall be
favourable to support the desired outcome after manoeuvring:
very low-speed wind cannot push the smoke away efficiently.

Implementing safety distances between ro-ro space
openings and critical areas was found to be an effective way
to ensure safety of the critical areas. Safety distances were
defined separately for side and end openings. It must be noted,
however, that simulation results and safety distances are
dependent on the assumptions made about the environmental
conditions and operational procedures.

In newbuildings, the safety distances can be implemented
by means of novel ship designs. For existing ships, the safety
distances can possibly be established by closing some
openings.

The definition of proper safety distances is challenging,
requiring further research work. The goal is that in the future,
it would be possible to use either prescriptive values defined
in IMO regulations or ship-specific values based on approved
calculation or simulation methods in ship design.
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Abstract

Accidents on ships occur and evacuation of passengers of
varying age and abilities is a challenge, which needs to be
dealt with. The current study on ship evacuations looks into
the evacuation process of six ships. Crewmembers with
evacuation-related tasks participated in go-alongs on board. It
was found that evacuation presents a serious challenge to
passengers and crew. Passengers have varying abilities and
prerequisites for evacuation. On the visited ships, specialized
evacuation procedures primarily focused on a subset of people
with mobility impairments while other types of impairments
were given less attention.

Background

A large-scale accident such as a fire on a passenger ship may
come to require a complete evacuation of all passengers and
crew. At the time of writing, the most recent example is
Euroferry Olympia, which caught fire near the Greek island
Corfu in February 2022. 281 people were rescued from the
burning ship but sadly at least eight people lost their lives,
with additional persons still missing [1].

The process of ship evacuation can be complex and may
involve risks, putting both a mental and physical strain on
crewmembers and passengers. The physical and cognitive
prerequisites of the passengers vary which has implications
for standard evacuation procedures to fit all passengers. For
the crew, beyond the apparent pressure of being in an
emergency, they are also facing demanding tasks associated
with the different phases of an evacuation.

Literature provides knowledge on evacuation — both from
buildings and ships [2-6]. However, studies on ship
evacuation that account for a realistic passenger demography
are scarce.

Method

The present study is based on investigations of six passenger
ships. The visits occurred from March 2021- November 2021
and involved ten crewmembers with evacuation-related tasks
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(or highly ranked in the safety organization). The
crewmembers were, to different extent, engaged in go-alongs
[7,8] onboard the ship — answering questions while showing
equipment and environments related to an evacuation. On two
ships, researchers were only able to observe the environments
of the ship without any interactions with crewmembers.

In addition to this, nine potential passengers were
interviewed on their travel habits and thoughts related to
evacuation. Finally, regulations were studied and compared
with the results, but were not mapped in their entirety.

The data from the qualitative studies contributed to the
description of a ship evacuation as a universal design problem.

Ship evacuation from a universal design perspective

Universal design (UD) is defined as the design of products
and environments to be usable by all people, to the greatest
extent possible, without the need for adaptation or specialized
design [9]. Eight universal design goals are developed with
the purpose to improve human performance, wellness and
social participation [10]. In the current study, the UD goals
and their descriptions were tailored to the specific case of a
ship evacuation as:

1. Body fit: Accommodating evacuation for a wide range
of body sizes and abilities.

2. Comfort: Keeping the necessary evacuation activities
within desirable limits of body function.

3. Awareness: Ensuring that the emergency information is
easily perceived.

4. Understanding: Making the evacuation activities
intuitive, clear and unambiguous.

5. Wellness: Prevention of injury while evacuating.

6. Social integration: Treating all passengers with dignity
and respect while evacuating.

7. Personalization: Offering flexible means of evacuation;
ensuring legibility, understanding and accessibility.

8. Cultural appropriateness: Ensuring that the evacuation
activities are taking a wide range of cultural references into
account.

To put the goals in relation to the evacuation, the
evacuation process is split into different evacuation phases. In
research on passengers’ behaviors in maritime disasters,
evacuation has been described in terms of three phases: pre-
movement, motion process and achievement of a safe place
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[11]. Within the present study, the evacuation was only
studied up until the point of embarkation and the motion
process was further elaborated. Sometimes the decision to
abandon the ship is not immediately made and the passengers
might have to wait at the assembly station for further
information. Communication of general safety information
(for instance given at departure) was added as a stand-alone
phase prior to an accident scenario. See evacuation phases
applied in the current work in table 1 together with a
description of the main challenges of each phase

Table 1. The different evacuation phases and their main challenges.

Phase Key challenges

Pre-movement  Getting the attention of the passengers,

phase communicating the emergency
information

Motion Make sure that all passengers reach the

phases' communicated place — both physical

challenges and wayfinding
Waiting phase  Keeping passengers calm, comfortable
(at assembly and informed. Life vests is distributed at
station) this point (at some ships they are
distributed during some other phase).

Embarkation Getting the passengers into lifeboats
and/or life rafts.
General safety  Communicate general safety information
information to passengers
Results

The design of all visited ships would only partially account
for realistic passenger demographics to evacuate through all
phases. On two ships it was told that they would occasionally
organize large evacuation drills with invited figurants. There
would always be some figurants acting ‘difficult’ for instance
by running away or by resisting. Figurants could also act hurt,
but the extent to which they practice evacuating passengers
with different impairments is limited.

Passengers with mobility impairments: The discussions
about a possible evacuation of the ship easily became centered
around passengers with mobility impairments. There are
apparent problems if the elevators would be out of service, and
activities such as carrying passengers may require a lot of
resources. It is common today that a ship is equipped with both
lifeboats and life rafts. The life rafts are commonly accessed
through a chute. A crewmember explains: Anyone who can
walk of their own would be able to use this. When options to
this is discussed, the person refer to a crane mounted raft that
is intended for rescuing people from the water, however this
is positioned one deck up, which the elevator does not reach.
On other ships crewmember refers to the lifeboats instead of
the rafts, which are lowered to deck-level. Whether the safety
organization would automatically decide to carry out an
evacuation using both lifeboats and life rafts, however, could
not be confirmed in the present study.

Passengers with visual impairments: The public address
(PA) system is one of the main means of communication

! One motion phase to the assembly station and a second motion phase to
the lifeboats (after waiting phase)

emergency information. Upon departure the PA system is also
commonly used to give brief safety information. Information
regarding wayfinding on the other hand is only observed to be
communicated visually and a passenger belonging to this
group may be very dependent on the assistance of
crewmembers or co-passengers in the motion phases.

Passengers with hearing impairments: The general alarm
is, according to regulations, audible and no visual alternative
was observed on any of the ships. While the general safety
information is available in writing on all ships, the emergency
information is communicated over the PA system. At one ship
the crew talked about an evacuation bag that the search team
would bring, containing pens (among other things). This
would allow the crew to communicate through writing if
necessary. While this type of bag was only discussed at one
ship, it is likely that this is something that the search team
could be equipped with on other ships as well.

Passengers with cognitive impairments: Within the
current study, there are large uncertainties among crews
related to what evacuating passengers with cognitive
impairments would implicate.

Conclusion

The results from the field studies and interviews show that
ship evacuation presents a serious challenge for both
passengers and crew, and that passenger characteristics
deviating from the norm, set up through the ship design, are
likely to aggravate those challenges. Specialized evacuation
procedures normally focused on a subset of people with
impairments (i.e. wheelchair users), and for them, evacuation
would often involve certain steps (i.e. carrying passengers and
assistive products in stairwells) that put a large strain on both
the evacuating individual and on assisting crewmembers or
co-passengers.

The study also indicates that evacuation arrangements for
people with impairments normally focus on physical
movement from the muster station to the designated
evacuation vessel, while other aspects or phases of evacuation
such as safety information, communication and support for
wayfinding are not equally developed. In relation to this,
demands associated with the different phases of evacuation
preparedness and execution do not take sufficient account for
variety in the passenger population, such as physical or mental
characteristics.

Our results imply that Universal Design could be
leveraged to improve evacuation performance. Support for
evacuation that is suitable for a large variety of passengers
would enable more people to act independently during
evacuation, promoting an efficient use of crew resources as
well as overall evacuation performance. However, it is also
acknowledged that factors such as the ship’s age and history
of revisions may entail considerable design constraints. In the
end, design for evacuation is heavily influenced by regulations
that pay too little respect to passenger variations and needs,
and thus is not based on realistic passenger demographics.



BOOK OF ABSTRACTS Nordic Fire & Safety Days

References

[17 N. Kitsantonis, “8 Found Dead After Ferry Fire Off Greece as Grim
Search Continues”, The New York Times, February 26, 2022.
[Online]. Available:
https://www.nytimes.com/2022/02/26/world/europe/greece-ferry-
fire.html [Accessed March 1, 2022].

[2] D. Vassalos, G. Christiansen, H.S. Kim, M. Bole and J. Majumder,

Evacuability of Passenger Ships at Sea, 2008.

[3] E. Tsychkova, Influence of waves and ship motions on safe evacuation
of passenger ships, 2000.

[4] O. Rutgersson, E. Tsychkova, and M. Andersson, Evacuation of
passenger ships in rough weather: A study of equipment behaviour and
its interaction with human performance, Naval Architect 2003, 2003:
p. 74-88.

[5] H.DJM. May, Human factors management of passenger ship
evacuation. Human Factors in Ship Design Operation II, 2-3 October
2002, RINA conference, London, 2002: p. 145-156.

[6] C.S.Lu, and C. S. Yang, Safety climate and safety behavior in the
passenger ferry context. . Accident Analysis and Prevention, 43,2011
p. 329-341.

[71 M. Kusenbach, “Street phenomenology The go-along as ethnographic
research tool”, Ethnography, 4, 3, 2003: p. 455-485

[8] R. M. Carpiano,” Come take a walk with me: The “Go-Along”
interview as a novel method for studying the implications of place for
health and well-being”, Health & Place, 15, 1,2009: p. 263-272.

[9] B. R Conell, M. Jones, R. Mace, J. Mueller, A. Mullick, E. Ostroff, J.
Sanford, E. Steinfeld, M. Story and G.Vanderheiden, The principles of
Universal Design, NC State University, The Center for Universal
Design, 1997. [Online] Available:
https://projects.ncsu.edu/ncsu/design/cud/about_ud/udprinciplestext.h
tm [Accessed February21, 2022]

[10] E. Steinfeld, and J. Maisel, “Practicing Universal Design” in Universal
Design : Creating Inclusive Environments, Wiley, Hoboken, NJ, USA,
2012.

[11] C. Casareale, G. Bernardini, A. Bartolucci, F. Marincioni, and M.
D’Orazio, Cruise ships like buildings: Wayfinding solutions to
improve emergency evacuation. Build Simul, 10. 989-1003, 2017.




BOOK OF ABSTRACTS Nordic Fire & Safety Days

Performance of a maritime thermal insulation
exposed to a realistic ro-ro space fire

Pierrick Mindykowski

Safety — Fire Research
Research Institutes of
Sweden - RISE

Boras, Sweden
pierrick.mindykowski@ri.se

Keywords: insulation, ro-ro ships, simulations, experiments

Abstract

Ro-ro ships have been an important component of the
commercial maritime industry since their introduction in the
1940’s. The ships have a large longitudinal space where cars,
trucks and other cargo can be rolled on and rolled off. Despite
improved fire protection regulations, many fire accidents
have occurred on ro-ro ships and there are no signs of them
diminishing in number or magnitude. This was a conclusion
atthe IMO in 2012 [1] based on a statistical study of ship fire.
It has underlined the need for more scientific studies
regarding the performance of A class boundaries in case of a
ro-ro space fire, especially to prevent fire spread to
accommodation spaces. RISE has carried out the RoBound
project to answer to this need. The goal of the project was to
clarify the performance of “state-of-the-art” fire boundaries
between ro-ro spaces and accommodation spaces or other ro-
ro spaces, and to give recommendations on how sufficient
fire containment is ensured.

To obtain realistic exposure reached during a fire within
a ro-ro space, simulations were performed using
Computational Fluid Dynamics (Fire Dynamics Simulator
[2]). The first step was to model representative ro-ro spaces
as well as representative cargo. Two representative ro-ro
spaces were then defined: closed and open ro-ro spaces with
open ends. Both spaces had the following size, 65 meters
long, and 26 meters wide. It was decided to fit it in function
of the nature of the cargo. Two types of cargo were chosen:

e Ro-ro space full of trucks with a length of 15 meters,
width of 2.5 meters and a height of 4.2 meters.

e Ro-ro space full of cars with a length of 4.4 meters,
width of 1.6 meters and a height of 2 meters.

Based on the cargo representation, the height of the ro-ro
spaces was:

e  Trucks: 6 meters height, giving a free space between the
top of trucks and ceiling of 1.8 meters, but only 0.6
meter clearance taking into account the presence of
transversal stiffeners having a height of 1.2 meters.

e Cars: 3 meters height, giving a free space between the
top of trucks and ceiling of 1.5 meters, but only 0.3

meter considering the presence of transversal stiffeners
having a height of 1.2 meters.

The geometry of the ro-ro spaces and the defined above
allow for the following cargo arrangement:

e  Trucks: 8 lanes of 4 trucks and a total of 32 trucks
e  Cars: 10 lanes of 12 cars and a total of 120 cars.

Both representative spaces were designed with one fully
open end. The decision to have a fully open end for the closed
ro-ro space was based on the ROS5 project [4] stating that a
fire in a fully enclosed ro-ro space will self-extinguish, and
thus representing a less critical scenario for the thermal
insulation.

Concerning the open ro-ro space, permanent side
openings were assumed and were designed in 3 groups of
openings on each side of the ship, 2 groups of 4 openings and
1 group of 2 openings.

The dimensions of the openings depend on the type of
cargo in the ro-ro space. In case of trucks, the dimensions
were 2 meters by 3.2 meters. With cars the dimensions were
2 meters by 1.3 meters.

The Heat Release Rates for trucks and cars developed were
taken from experimental tests done during the project
Eureka 499 [5]. With the design fire curves defined, the
propagation of fire to involve further vehicles should also be
considered. FDS proposes an easy way for how to model
fire propagation. It is based on a definition of the thermal
properties of target and a heat transfer model, to calculate
the internal increase of temperature of the target. When this
temperature reaches the ignition temperature of the material
constituting the target, ignition of the target is triggered.

In order to keep the approach realistic but simplified, the
material as target for ignition was taken to be the same for
cars and trucks i.e. natural rubber. This material is used for
the fabrication of tires and windows joints, which have
proved to be the first materials that ignite in vehicles fires [6].
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Figure 1. Comparison of the highest temperatures during
a simulated fire within a ro-ro space loaded with
cars and time-temperature curves

As presented in figure 1, the highest temperature given for
each simulated case was then compared with time-
temperature curves for designing fire safety. Almost all
comparisons showed that the hydrocarbon time-temperature
curve fits better to the highest temperature reached in the
simulations.

The hydrocarbon time-temperature curve is more severe
than the standard (cellulosic) time-temperature curve
according to ISO 834, used for type approval of thermal
insulation. Experimental tests were then carried out to observe
the performance of A class insulation when exposed to the
more representative hydrocarbon time-temperature curve in a
cubic furnace. The fire insulations were mounted on steel
plates with different thicknesses (6 mm and 12 mm).

Tests results showed a significantly reduced fire integrity
when exposed to the hydrocarbon time-temperature curve,
meaning that it took less time to reach the maximum
temperature elevations required by the FTP Code [3] (140 °C
for the average temperature elevation and 180 °C for the
highest temperature elevation). The reduction, depending on
the thickness of the steel plate and thermal insulation, are
presented in the table 1. These results apply for stone wool.
Glass wool fire insulation was also used in the tests, but it
was deteriorated when exposed to the high heat exposure in
accordance with the hydrocarbon time-temperature curve.

Fire Fire Reduction
Steel . . . .
integrity | integrity in fire
plate . .
thickness based on | based on | integrity
(mm) ISO 834 | HC tests | (HC vs
(min) (min) 1SO834)
6 60 20 66%
12 60 31 48%

Table 2. Reduction in fire integrity of a A class stone wool thermal
insulation exposed to the hydrocarbon time-temperature curve
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Abstract

Combustible building materials such as timber can
significantly alter the fire dynamics of a compartment in
comparison with non-combustible construction. The
consequences of this different performance can fundamentally
challenge all components of conventional fire safety strategies
for taller buildings. This paper summarises the implications of
the fire behaviour of medium and high-rise timber buildings
on their egress, compartmentation, structural resilience, and
fire service intervention, and demonstrates the need for a
holistic approach. Research gaps and future work proposed to
facilitate performance-based design are detailed.

Introduction
The desire to reduce the carbon intensity and environmental
impact of new building construction has driven a growing
demand for mineral-based materials, such as steel and
concrete, to be replaced by bio-based alternatives [1]. In
Denmark, this change will become increasingly necessary in
the coming years, as the government requires new building
projects to undergo life-cycle analysis (LCA) and meet ever-
stricter carbon budgets [2]. Engineered timber products,
particularly cross-laminated timber (CLT) and glue laminated
timber (glulam) are widely used bio-based alternatives for
primary structural elements in mid- to high-rise buildings,
with the potential to replace more carbon-intensive materials.
A fundamental difference between timber and other
conventional mineral-based materials is that timber is
combustible, and will therefore contribute to the fire as it
burns. This has profound implications for the fire safety
strategy of a building, and may invalidate current design
approaches. In particular, this behaviour challenges many of
the assumptions that are inherent to the fire safety strategies
for medium and high-rise buildings, for which the time-scales
of egress and fire service intervention are longer.

Fire safety strategies in tall buildings

The primary components of a holistic fire safety strategy are
the egress strategy, compartmentation provisions, structural
resilience, and fire service intervention. The performance of
each of these components can be characterised in the time
domain, and this forms the basis of fire safety engineering
analyses that compare the available safe egress time (ASET)
against the required safe egress time (RSET) [3]. The ASET

is defined by the time at which a fire creates untenable
conditions for building occupants, due to exposure to smoke
and/or heat, or as a result of structural collapse. The RSET is
the time required for occupants to egress to a place of safety,
which may be a protected space within the building or
somewhere outside, depending on the strategy chosen. Once
adequate safety factors are applied, proportionate to the
uncertainty in calculating these times, the following design
requirement arises:

ASET >> RSET

For low-rise buildings, the time taken for all occupants to
safely egress from the building is typically in the order of
minutes, while the time to failure of compartmentation and the
structure are substantially larger. Responding fire service
personnel also have easier access to the building and can
suppress the fire from outside. In this case, eventual breaches
of compartmentation or even total structural collapse may be
acceptable, depending on the risk to neighbouring properties.
However, for taller buildings, the time required for egress and
fire service intervention can be in the order of several hours,
or a ‘stay-put’ strategy may be followed, in which occupants
remain within the building. Moreover, structural collapse of
medium or high-rise buildings is generally unacceptable due
to the risk to neighbouring property. Consequently, failure of
the compartmentation or structure must be entirely avoided.

Fire behaviour of timber buildings

In a building made from non-combustible materials, the fuel
load comprises only the ‘moveable fuel’ within a
compartment, i.e. the combustible furnishings and contents.
These moveable fuel loads can be estimated with confidence,
and burnout of the fire can be achieved once these fuels are
exhausted, as long as the fire is prevented from spreading to
adjacent compartments. This is the basis of the fire resistance
framework, which prescribes fire resistance ratings that are
intended to ensure that tall buildings endure the full duration
of a fire to burnout [4].

In a timber building, design for burnout is complicated by
the contribution of the combustible structure to the fuel load,
and its effect on the fire dynamics. If the compartment is not
designed to ensure self-extinction of the timber, it may
continue to burn until the entire structure is consumed [5,6].
This cannot be evaluated through standard fire resistance
testing, which makes no allowance for the contribution of the
timber to the fire severity, or for continued burning of the
structure after consumption of the moveable fuel load [7]. The



additional fuel load and configuration of burning surfaces may
also alter the fire dynamics in comparison with a non-
combustible structure, promoting fire growth and spread
between compartments. For laminated timber materials,
failure of the bond lines at elevated temperatures can result in
char fall-off that enhances the burning rate and potentially
prevents self-extinction [5]. The effects of these contributions
from exposed timber on the fire behaviour in a compartment
are summarised in Figure 1.
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Figure 1. Phases of an under-ventilated compartment fire, and the
impact of exposed timber surfaces.

Egress

The egress strategy for a building is usually defined by its
height and occupancy, however there are implications of the
use of combustible building materials that may challenge this.
Firstly, in a large compartment, an exposed timber ceiling may
accelerate the growth of a fire if the ceiling ignites, due to the
additional thermal feedback from the ceiling to the rest of the
room [8]. This faster growth could significantly reduce the
ASET for occupants to reach a protected space, and it cannot
be quantified by conventional approaches that rely on
prescribed ‘at> growth rates alone. The potential effect of
combustible building materials on the behaviour of occupants
and their perception of risk is also unknown, but adherence to
a stay-put strategy may be impacted by these attributes.
Moreover, if indefinite performance of the structure and
compartmentation is not ensured, then any ‘stay-put’ strategy
would be invalidated, and total evacuation of the building
must be required.

Compartmentation

In a tall building with a stay-put strategy or extended egress
times, the horizontal and vertical compartmentation must be
sufficient to prevent fire spread throughout the duration of the
fire. For timber compartment boundaries, this requires an
explicit design for self-extinction, or a level of encapsulation
that prevents the timber from becoming involved in the fire
[9]. Vertical compartmentation should also account for a more
severe exposure to the facade from external flaming, due to
the excess fuel provided by combustible building elements.
Timber facade elements may also facilitate fire spread, which
must be considered when devising an adequate egress
strategy.
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Structural resilience

If the fire safety strategy for a tall timber building relies on the
structure retaining its capacity indefinitely, then the structure
must be designed to withstand the full duration of the fire,
including the cooling phase. A pre-requisite of this is to ensure
that the timber elements will self-extinguish early enough that
they retain sufficient residual capacity at the end of the fire.
Furthermore, timber structural elements may also lose some
capacity during the cooling phase, after the extinction of the
fire, due to the continued propagation of the thermal wave and
elevated moisture content through the depth of the cross-
section [10]. If indefinite performance cannot be established,
then it must be assumed that the affected elements will
eventually fail — with consequences for the stability and
compartmentation of the building [7].

Fire service intervention

The activities of the fire service are critically dependent upon
the behaviour of occupants and the performance of the
building. Failure of compartmentation or structural stability
will challenge the ability of the fire service to intervene, while
additional water resources and suppressing capabilities may
be required to manage the increased fire severity. The
importance of the cooling phase and related phenomena of
continued smouldering and incipient fire spread may
necessitate extended fire service intervention and monitoring
following the initial extinguishment efforts.
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Abstract

With biobased buildings making the transition into
mainstream construction, the safety of their occupants needs
to be adequately ensured, since the introduction of
combustible building materials is bearing fundamental
ramifications for fire safety strategies of such buildings. The
present work introduces a research project on safe evacuation
of timber buildings. More specifically, it targets to investigate
the effects from evacuation training of building occupants on
the required safe egress time (RSET).

Introduction
To reduce the carbon emissions of the construction industry,
an increasing emphasis is placed on the use of sustainable,
biobased building materials, like timber, in Denmark and
globally, due to their potential to emit up to 75% less CO2
compared to commonly used building materials (e.g., steel),
while also sequestering carbon in even larger amounts [1].
While this will potentially have a great impact building
sustainability [2], many unknowns remain for their
implications on fire safety. Biobased building materials affect
the fire dynamics in compartments through additional energy
release [3] resulting in accelerated fire growth, spread, and
increased intensity [4, 5], with further implications on the
decay phase [6]. Therefore, building designers are faced with
novel challenges that must be solved when evaluating the
interactions between the fire, the building, and its occupants
in detail to ensure safety when employing green materials.

Egress Safety Strategies

A successful evacuation relies on the availability of sufficient
time to reach a safe place, meaning it is necessary to ensure
tenable conditions until the evacuation is completed. In this
context, two parallel approaches exist to improve safety in
hazardous fire scenarios, namely 1)to make sure that the
conditions are tenable for a longer time or 2) to decrease the
time to reach a safe place. Since for the combustible nature
of biobased materials, their use may impede solutions aimed
at improving the tenability of the environment, subsequently
affecting the time available for evacuation, it is important to
counterbalance their use with solutions aimed at ensuring
adequate evacuation. A more holistic approach to evacuation

safety for buildings including combustible materials is
currently missing, as most of the research emphasis in the
field has been put on ensuring tenable conditions for longer
times rather than systematically identifying solutions aimed
at reducing evacuation times in parallel.

Evacuation Training

The evacuation process can be characterized in many ways
and terminology way vary across sources, but it is often
described using two distinct periods: a pre-movement phase,
and a movement phase. Possible solutions to reduce
evacuation times are, for example, increasing movement
speeds and wayfinding for evacuation.

However, the entire evacuation process consists of a chain
of complex decision-making processes, which are described
using psychological behavioural models, for instance, the
behavioural sequence model by Canter et al. [7] (included in
Figure 1) and the Protective Action Decision Model (PADM)
by Lindell and Perry [8]. The role of decision-making in
evacuation becomes evident considering the pre-movement
time and its dependence on the time to reach a decision to
evacuate. Hence, this decision governs the evacuation
process in the first place, but also during the movement phase
evacuee behaviour could be improved. For example, the
effect from affiliation behaviour could be reduced, where
people tend to stick to known exit routines rather than the
most suitable or shortest egress solution in emergencies [9].

Thus, a key aspect to lower egress times is the
identification of solutions aimed at improving human risk
perception and decision-making for evacuation. In this
context, evacuation safety training can play a fundamental
role by affecting the components underlying of the
evacuation process to ultimately reduce time scales to reach
an evacuation decision and the overall RSET (Figure 1).

However, only limited research has been conducted on
quantifying the effect of training on evacuation and the
benefits that it can have on individual and group decision
making [10]. In fact, many national regulatory frameworks
focus on egress drills to prescribe the assessment of
evacuation performance or evacuation training [11].
However, the regulations are highly inconsistent with one
another in terms of objectives, training requirements, and
documentation [11], while seemingly also lacking a clear
scientific basis that informed their implementation.



BOOK OF ABSTRACTS Nordic Fire & Safety Days

Receive
Information

Ignore

Investigate

[(Instruct Explore ] (Withdraw |
Evacuate Fight Warn Wait

Ignition Fire Alarm

Seek information

Evacuatlon Decision

Prepare, Protection measures | \

Starting
Movement

Way- fmdmg J

l Pre-Movement Period

MovemeAt Perlod’

1
RSET

Figure 1. The evacuation process (black) and potential impacts from evacuation training (red) on decision-making processes

and behavioural actions during emergencies and fire evacuation. Partly based on illustrations in [7] and [17].

A current approach for fire evacuation training is the
application  of  ‘serious  games’[12,13].  Training
methodologies include the use of simulation tools in the
context of serious gaming for evacuation, such as Virtual
Reality [14] and Augmented Reality [15], whose potential
have been well documented in the literature [16]. Practical
issues linked to their implementation, on the other hand, are
scarcely investigated.

Research Project

With the goal to generate a scientific basis for the
employment of evacuation training, a research project is
carried out by DBI in cooperation with Lund University. The
aim of this work is to review and analyze existing training
methodologies and to study their effect on building
evacuation.

Aspects this research will investigate, employing both
qualitative and quantitative methods, include the scientific
state of the art of behavioural training and training
methodologies, the perception of risk and fire safety in timber
buildings among occupants, as well as the quantification of
the effects from evacuation training and their translation into
knowledge applicable to building design.

Outlook

The use of innovative training methods would require a
careful assessment of their potential users since the level of
familiarity with new technology may vary greatly among
building users. Therefore, a systematic study of the validity
and quantification of the impact of innovative evacuation
training methods for different contexts, like building types
(e.g., office or residential), populations (e.g., adults, elderly,
residents, visitors), and environments (e.g., working space,
dwellings), is a key milestone towards their successful
implementation in buildings. This will contribute towards
rapid evacuations [18] and subsequently ensure an adequate
safety level in biobased buildings.
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Abstract

Current version of EN 1995-1-2 [5] does not include a
method to determine the charring of laminated multi-layer
timber products and the charring rate values applicable to
the fire resistance design of CLT building components.
Tampere University has an ongoing research project to
investigate the experimental methods to assess the charring
rate values of different lamella layers and to derive the
design values for structural fire design. In this paper the
main observations from a fire test on vertical test specimens
are reported.

Introduction

Cross-Laminated Timber (CLT) is a relatively new mass
timber product that is widely used in structural walls and
floor slabs due to many reasons, such as sustainability,
speed of construction, aesthetics, and robustness.

For all building materials and construction elements, fire
safety is an important issue that needs to be addressed. It is
widely recognized in the structural fire community that there
are several knowledge gaps in the field of timber fire design.
The applicability of standard fire test and so-called fire
resistance framework for timber fire design has been
questioned e.g. in [1]. Moreover, it has been shown that the
widely used Reduced Cross-Section Method (RCSM)
together with so-called zero-strength layer may lead to unsafe
results in many cases [2]. It is also evident that there are some
key differences in the behavior of CLT products when
compared to solid timber elements. At elevated temperatures
the timber-adhesive interaction weakens and can lead to
debonding, which can be classified as char fall-off or as
delamination. In the case of delamination and char fall-off
before or at the adhesive line there will be an increase in
charring rate as residual timber cross-section is exposed
prematurely as new fuel [3].

Even though there is lot of discussion, criticism and room
for development related to the current practices in timber fire
design and testing, the fire-resistance framework i.e. using
standard fire exposure in furnace test as well as RCSM are still

(and will probably remain) widely used concepts for structural
fire design of timber structures. Irrespective of the fire
exposure and the applied design method, the charring rate and
char depth will probably remain the most important
parameters in the structural fire design of timber. Therefore, it
is extremely important that the fire test results will provide the
needed information for the design process and that the
charring rates and char depths are determined consistently for
different products in the fire tests.

In Europe, CLT is not yet part of a harmonized standard.
There are European Test Assessments (ETA) for some
products available, but the specified properties are often based
on small-scale ad-hoc tests and extrapolation which may
result in unsafe values for char depth [4]. Moreover, the
current version of EN 1995-1-2 [5] does not include a method
to determine the charring of laminated multi-layer product that
can delaminate, such as CLT. Therefore, consistent guidelines
how the charring rate and char depth of CLT-product should
be determined from test results are needed to enable more
efficient, realistic and safe structural fire design of CLT-
products.

Tampere University has an ongoing research project to
investigate the experimental methods of determining the
charring rate values applicable to the fire resistance design of
CLT building components. The aim of the research is to
assess how the charring rate values (Py) representing the
performance of different lamella layers, especially the layers
behind the first exposed lamella layer should be
experimentally determined. There are several issues affecting
the measured temperatures the rate values are based on, and
all these should be controlled and standardized by the test
method. In this paper, the main observations from a fire test
carried out using specimens in vertical position are reported.
The size of the two specimens was 850 mm x 905 mm (height
x width) and they consisted of five 20 mm thick layers. The
specimens had polyurethane (PUR) adhesive in their main
bond line without edge gluing. Specimens were subjected to
the standard fire exposure conditions of SFS-EN 1363-
1:2020 and heated according to the standard ISO-834 curve.

Test results and observations
In the two specimens of similar construction five
thermocouples were installed in each interface between the



lamella layers prior to the gluing of the panels. The
measurement points at the different lamella interfaces
overlap and the overlapping points at consecutive depth form
a measurement station. The positioning of the thermocouples
relative to the joints between neighboring lamellas vary as
shown in figure 1. The joints are likely to affect the results,
but there are no standardized instructions on the positioning
of thermocouples relative to the joints.

Station 2 or [7 D

Station 3for 8

Figure 1. A schematic diagram of the placement of the thermocouples
on one interface between two lamella layers

Figure 2 shows the temperatures measured at different
thermocouples. The position of the char-line in a test
specimen is assumed as the position of the 300 °C -isotherm.
The results clearly show that there is a significant variation
in the time at which the 300 °C limit is exceeded, especially
in the layers behind the first lamella. This is likely to
increase the variation at the charring rate values determined
by the measurements.
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Figure 2. Experimental temperature distributions of 100 mm thick
panels with five 20 mm thick lamella layers.

Figure 3 provides a plot of the calculated charring rates at
different lamella layers. The horizontal lines represent the
average rate value of a layer and the red vertical lines the
variation of the rates in the layer. There is practically no
variation in the first layer whereas the variation in the
second layer is significant. From the fire design point of
view, it is difficult to justify a single design charring rate
representing the performance of the layers behind the first
lamella. The average charring rate of the second layer may
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provide a safe estimate, but the value is almost double that
of the layers behind.
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Figure 3. Average values and the variation of charring rates at different
lamella layers based on ten different measurements at each
layer.

Conclusions

The results obtained from the tests were consistent with

earlier studies conducted for CLT. The char depths, charring

rates and their scattering varied significantly depending on
the considered layer.

This part of the study focused on the challenges in
determining the design values for char depth and charring rate
experimentally. The main conclusions are listed below:

- There is no standardized test procedure for layered
timber structure, such as CLT, in Europe. The
procedure should specify e.g. the number and location
of the measurement points and how the scattering is
addressed in the final results (e.g. if the use of average
values is acceptable).

- The measured charring rate at the first layer was
consistent with the value of solid wood, and the
scattering of the results was small, as expected.

- The charring rate and the scattering of the results were
the highest at the second layer, as has been observed in
other related studies also.

- There is no standardized procedure how to determine
the design value for charring rate of layers behind the
first layer so that it will lead to conservative solutions,
and it is simple to apply in structural fire design.
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Background

In 2020 the Norwegian Building Authority performed an
audit of exterior claddings of fire retardant wood, and in
connection with the audit it was revealed that certain treated
(non-FR) wood products erroneously were declared with
classification D-s2,d0 with reference to the CWFT procedure
(classified without further testing) [1]. However, these
products obtained classification E or F in tests. The cladding
in question was so-called royal oil treated wood. This is salt
impregnated wood that is boiled in linseed oil; leaving a
surface layer of 1-3 mm of wood soaked with oil, which
increases the cladding’s resistance to degradation caused by
moisture and weather exposure. Based on these findings two
experimental projects were performed.

In the first project fire spread on the exterior facade of
wood claddings with different types of non-fire retardant
treatments was studied in a series of a total of 30 large-scale
tests [2]. Then the fire development in the cavity behind the
wooden cladding was studied through a new series of large-
scale tests [3], and the results from this second project are
presented below, together with results from simulation of fire
development in the cavity using Fire Dynamics Simulator
(FDS) [4].

Objectives

The objectives were to study how a fire may spread in the
cavity behind wood cladding and how the fire spread is
affected by different parameters. The main parameter to be
investigated was oil treatment of the wood cladding (known
as royal oil) versus untreated wood. Other parameters were
types of lathing and type of wind screen material. Would
higher combustibility of the materials in the cavity lead to a
faster fire spread than materials with a lower combustibility?
Would cross mounted laths give better ventilation and a faster
fire spread in the cavity than vertical laths?

Materials

Facgade test specimens were constructed of pine cladding with
a shiplap profile. Two types of cladding were tested:
Untreated wood, and royal oil treated wood. Two types of
windscreen boards were used in the cavity: One satisfying
Euroclass A2 the other one satisfying Euroclass F. The
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cladding was mounted on untreated pine laths with profiles 23
mm X 48 mm and 36 mm x 48 mm. In some of the tests the
bottom opening of the void was covered with a steel mouse
grid with 50% opening, and a steel plate was used to cover the
top opening in some of the tests.

Experimental setup

The cladding was mounted as fagade elements, all setups with
a cavity behind the cladding. The specimen width varied
between 0.6 m and 4.8 m, and the height between 2.4 m and
4.8 m. The interior surface of the cladding was smooth. Four
test series were performed with vertical cladding nailed to a
grid of cross mounted laths. Two test series were performed
with horizontal cladding mounted on vertical laths.

The ignition sources were pools of heptane with different
surface areas and different depths of the heptane, with
averaged HRR of 39 kW, 222 kW, and 1359 kW respectively.
The duration of the ignition sources varied between 190 s and
780 s. For the two smallest ignition sources, the flames were
“forced” into the cavity by a flame shield at the bottom of the
fagade, to avoid fire spread on the exterior surface.

Several measurements of temperatures were made at
several different heights inside the cavity, the number of
measurements varied between the test series. Concentrations
of CO; and O, were measured at the top of the specimens, and
the pressure was measured by a bidirectional probe in the
center close to the top of the cavity.

The experiments were recorded on movie and photographs.
Observations of events of importance, e.g., flames emerging
from the top of the specimen, were registered. Photos from
the testing are shown in Figure 1.

Figure 1. Fire testing of vertical cladding. Right photo: Flames emerging
at the top of the facade specimen



Test results
Based on measurements of gas concentrations, pressure and
temperatures, HRR was estimated.

Two parameters were assessed as relevant for assessing
the severity of the fire spread: Time to 200 °C was reached at
a height of 2.3 m, and time to flames were observed on top of
the specimens.

Fire simulations
Maximum HRR in the cavities behind the wood cladding was
calculated using Fire Dynamics Simulator (FDS) [4].

Simulations with combustible wood panel indicate that
inside the cavity, the oxygen supply controls the heat release
and the fire spread. To get an idea of what the maximum HRR
in the cavity would be, a simplified model of a wall was made
(600 mm x 2400 mm) where the combustible panel was
replaced with 8 gas panels (burners) stacked upon one another,
each measuring 600 mm x 300 mm. Maximum gas supply
corresponds to a HRR of 100 kW/m? which yields a total
HRR of 144 kW if all the gas is ignited.

Two models have been tested, one with a cavity depth of
25 mm and one with a cavity depth of 35 mm. The cavity was
open in the bottom and top for ventilation, the sides were
closed.

Each panel was heated up linearly from 0 to 100 kW/m?
over a 10 seconds period if sufficient oxygen concentration
was available. The gas supply to each panel was activated
sequentially, i.e., first the bottom panel was activated, then the
subsequent panels were activated until the top was reached.
The gas was ignited spontaneously given that there was
enough oxygen to establish combustion.

Results from the simulations show that steady state
conditions occurred after about 30 seconds for a cavity depth
of 25 mm and after about 40 seconds for a cavity depth of 35
mm. The HRR at steady state conditions was calculated to be
55 kW for the 25 mm cavity and approximately 80 kW for the
35 mm cavity. Non-combusted fuel, due to lack of oxygen,
was transported to, and released at, the top of the cavity, where
it would ignite spontaneously if the temperature was high
enough, or if there was an ignition source present.

A B
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Figure 2. Colour maps showing the situation inside the cavity at steady
state conditions
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Figure 2 shows colour maps of flames, oxygen concentration
and temperatures inside the cavity for the model with 25 mm
cavity depth. After 24 seconds (A) we can see some flames
at the top of the panel, i.e., the fire is about to get ventilation-
controlled. Steady state condition is shown in figure B, C and
D.

Discussion and conclusions
The test results were analysed using factorial Anova, applying
a p-value of 0.05 [5].

The analysis showed that the size of the ignition source
and the type of lathing geometry were significant for the time
to reach 200 °C, while the type of windscreen was just outside
the criterion for significance for this parameter. For the
observations of flames above the test specimens, none of the
analysed parameters were found to be significant, but type of
windscreen and type of lathing geometry were close to the
criterion limit. It was not possible to detect any significant
effect on the fire development of the tested oil treated cladding
compared to the untreated cladding.

Based on the results we conclude that the ventilation
conditions in the cavity is the governing parameter for flame
spread. This is also supported by the FDS simulations. The
results also indicate that the material in the windscreen may
affect the fire spread. This may be due to the combustibility of
the material or the thermal insulation properties, or a
combination of these. Fire development in the cavity is a
complex phenomenon that should be reflected in the
guidelines to building regulations.
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Abstract

The use of engineered wood products, like glue laminated
timber and cross laminated timber (CLT) has increased
massively over the last years. The increased popularity is
caused by the many advantages of building with wood, like
the possibility of prefabrication, the low carbon footprint,
the easy handling and mounting of wood, and its aesthetic
look. With the increased popularity, CLT is now used in
large compartment buildings, public buildings and office
buildings.

However, most experiments studying the fire performance
of CLT buildings have been carried out on relatively small
compartments with small window openings, resulting in
ventilation controlled fires [1-3]. Most modern buildings
have large open-plan spaces and large window openings to
allow for natural light. A fire in this type of compartment is
likely to become fuel controlled, and not ventilation
controlled. It can also travel through the room.

Fire dynamics of large open-plan spaces with large window
openings is often characterized as travelling fires [4].
Travelling fires are recognized with a steady propagation
and burnout of the fire through the room.

Several full-scale travelling fires have been conducted over
the last years, but only in compartments with non-
combustible surroundings [5]. However, recently tests have
also been carried out with a CLT ceiling. These tests have
provided new knowledge about how an exposed CLT
surface affects the fire dynamic and fire spread rate.

In a 1/8-scale test, Nothard et al.[6] studied the effect of
having the ceiling exposed, and reported a more rapid fire
spread with an exposed ceiling.

In the CodeRed#01 test [7], a fire test was conducted in a
380 m? combustible compartment with a CLT-ceiling.
Initially, the fire spread slowly along a wood crib. But, after
the fire plume hit the ceiling, the fire spread rapidly across
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the exposed ceiling. The intense burning of the ceiling then
caused radiation down to the woodcrib, and caused the fire
to spread across the entire 174 m? wood crib area within 5-6
minutes. The fire developed faster than what is considered
an ultra-fast fire spread.

In the X-ONE fire test [8], which was an almost identical
test, but with no exposed ceiling, the fire spread across the
room in about 25 minutes.

Through the few tests performed with a combustible ceiling,
it is evident that there is a need for more knowledge on how
different exposed CLT surfaces affects the fire spread and
fire safety in large compartments.

How fast a fire spreads is highly relevant for several aspects
within fire safety, like: Available time for people to
evacuate safely, the size of the fire when the fire brigade
enters the building, extinguishing tactics etc.

In order to better understand how an exposed surface affects
the fire spread in a large CLT compartment with large
window openings, two full-scale tests will be carried out in
Autumn 2022 in the FRIC-research centre.

Method

The fire compartment is 194 mx 4.8 mx 2.4 m (1x w x h)
(see Figure 1), which is approximately the same size as
several other travelling fire tests with non-combustible
surfaces [9]. The compartment is almost completely open
with four large window openings located on the front wall,
except from three columns supporting the weight of the
ceiling. The window configuration corresponds to an
opening factor of 0.18 according to the method of
Eurocode 1[10].

A 3 m high inert fagade is attached above the window
openings in order to study the external flame from the
windows.

The fuel load density is 380 MJ/m? (per floor area), and is
distributed in the room in a continuous wood crib. The
wood cribs are built up of 4 layers with 2.8 m long



woodsticks with a 50 mm x 50 mm cross-section. The wood
crib is located in the centre of the compartment with 1 m
distance to each wall.

Two different tests will be carried out, one with exposed
CLT ceiling, and one with an exposed CLT wall.

The non-exposed surfaces are protected with 2 layers of
gypsum boards.

The compartment will be instrumented to give data on
temperature distributions, incident heat flux at different
locations in the compartment, on the fagade and at a
distance away from the fire.

The different sensors installed will give valuable data on fire
spread rate, temperature distributions, charring rates, and
heat fluxes at the fagade.

Figure 1. Sketch of the compartment.
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Abstract

The smoke contribution of unprotected Cross Laminated
Timber (CLT) surface elements in an enclosure was
investigated in the current work using computational fluid
dynamic (CFD). A series of seven simulations revealed that
wood surfaces influence on critical time and smoke
development is governed by their location to the fire source.
Adjacent combustible walls can spread the fire, causing the
pyrolysis process to begin, contributing to smoke and
shortening the safe egress time.

Introduction

Concerns about the environmental impact of building
constructions lead to an increase in the use of wood. This
replacement shall diminish a building’s CO, emissions by
50%][1]. However, the use of wood implies fire safety issues,
which need to be solved. The use of wood has an impact on
the structural safety as well as the time until critical condition,
affecting the safety for the building’s users.

Most literature on enclosure fire dynamics deals with non-
combustible enclosures [2]. When using wood, such as Cross-
Laminated Timber (CLT), the fire dynamics in combustible
wooden enclosures needs to be understood.

Knowledge process of pyrolysis [3] and subsequently
combustion of wood are needed for ensuring the fire-safe use
of exposed structural timber elements. The findings of
experimental and numerical studies show that the timber in an
enclosure contributes to fire growth. The time to flashover was
shortened [4]. Hence, parametric models for enclosure fire
dynamics account for the contribution of unprotected
combustible compartment linings.

Studies have shown that the fuel position and distance to
combustible linings influence the contribution to the produc-
tion of pyrolysis gases [4],[5],[6],[7],[8]. The fire dynamics in
an enclosure was shown to be affected by whether the char
layer of CLT falls off or not [4],[6],[8]. A fall off will result in
exposing a fresh layer of timber, allowing the production of
higher fuel load and rapid pyrolysis. However, if the char layer
does not fall off, the remaining layers will stay protected by

the char layer, and the fire will automatically extinguish when
all exposed combustible material is consumed. The experi-
mental studies therefore highlight that wood has a complex
pyrolysis process that may be unpredictable and vary from
experiment to experiment.

It was found that the two-zone model fails to account for
the placement of exposed timber linings in relation to the fire
[7]. The model was found to rely exclusively on the
percentage of wood ratio rather than its positioning. Fire
behavior, flashover time, ventilation effects, and structural
abilities of enclosures with exposed wood linings have been
examined (table 1). The current study investigates the smoke
produced by exposed wood linings and its potential effect on
personal safety during an evacuation.

Table 1: previous work on fire safety of timber constructions

Objective . “ Approach Exposed wood surfaces Fuel Load Reference

Effect of CLT on N (15m%) 56 kg wood
compartment fire 3xexperiment Dxwall, 1xceiling (14m?) cribs
dynamics 2xwalls, 1 xceiling (22m?) 132 Mim?

Hadden et
al, 2017 [4]

Comparing effect
of opening factor .
in an enclosure mcdm2sim | Gxexperiment None (3) W°‘;‘i;‘ﬂ'l:;“"d McNamee et
ith C 252 xceling ( al. 2
with CLT Ixceiling (<3) ety al., 2021 [5]
ceilings vs.
conerete ceilings

CLT pancls
contribution to Propane
development, 3.5mxd. 5mx None (3 protected CLT) 379 MJ/m* McGregor et
duration and 2.5m AlICLT (x2) Furniture al., 2015 [6]
intensity of room 529 MJ/m®
fires

Sxexperiment

None
il g
Fire Dynamics of 2.5m (x5) 2> walls (adj Wood
8xTwo-zone 2xwalls (opposite)
timber in cribs/fumniture
model vall

compartment 2.72mx2.72mx o s 92-366 MJ/m*
277m (<3) Vxcwall, 1/2wall

Wade etal.,
2018 7]

1/dxw xc
1/2xwall, 1/2xwall, 1xceiling

Gas temperature

development and

charring behavior
of CLT

None (2 protected CLT)

4.5mx4.5mx e — None (protected wood studs Wood cribs Hakkarainen
2.5m with insulation) 720 MI/m® 2002 [8]

AlLCLT

Method

Seven simulations has been conducted to study the
correlation between the quantity and location of combustible
linings in an enclosure (table 2). A 250 kW room-corner fire
in a standard office compartment was used. The smoke
contribution was measured to determine the time to critical
condition in a pre-flashover fire enclosure. The smoke
reaching the critical height of 2 m was set as acceptance
criteria in an enclosure height of 4 m and examined through
the vertical profile of smoke layer height and temperature in
Pyrosim.



Table 2: Simulation configuration

s1
(Reference

(W172) (Wx1/2) ) R) (WR) (Wx2R)
Combustible None Wall Walls Wall Roof Wall+Roof Walls+Roof
surfaces 0 v Vet | 1 141 1+1+1
Timber surface 0 40 60 80 200 280 320
area [m?]
Timber surface 0 625 9.38 12.50 3125 4375 50
ratio [%]
Area average 1243 1184 1155 1126 951 835 776
thermal inertia
/(s

Previous studies suggested that the critical time would be
inversely proportional to the amount of wood. The current
study found a disparity between the simulations but no direct
correlation to the quantity of combustible surfaces. However,
a connection to the location of the combustible lining was
found. In figure 1, the relevant simulations are sorted by the
position to the fire to show the correlation.

Critcal time based on wood location
200

190
180 é%
170 =
160 a% m
140
S1 (Reference)  S2 (W1/2) S6 (WR) S3(W2x1/2)  S7(W2R)

ASET [s]

Figure 1: Graphical representation of ASET correlation to wood location in
an enclosure

The ASET is reduced when more wood lining is placed close
to the fire. However, case S7 (3 wood linings close to the fire)
does not follow this trend. When comparing the smoke height
as a function of time for S3 and S7, S7 begins to decline faster
at first, indicating more smoke, but since the difference in the
simulations is the combustible roof; it is highly unlikely that
the roof will undergo pyrolysis and emit smoke so early due
to limited fire spread at that stage. Since the device is
influenced by temperature measured across the diagonal axis,
it can cause the layer height to vary, and therefore, it is more
probable that the data at the start is inaccurate.

Conclusion
The simulations demonstrated that wood surfaces can affect
the critical time and it contributes with smoke development
and increased temperature. It was found that the amount of
wood but also the orientation and location affects the
formation of the smoke gas layer.

When one wood surface is adjacent to the fire, the time
until critical smoke condition is reached, is reduced by 10%.
When a wall and a roof are adjacent, the reduction is 16%.
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When two or more surfaces are nearby, a 20% reduction is to
be predicted.
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Abstract

Since the introduction of modern forestry practices in
Sweden in the late 1800s the number of wildland fires in
Sweden has been relatively low. In recent years, however, the
increase in warm dry weather during the summer has lead to
increased fire danger. This short paper provides a description
of work underway to create a methodology to assess
community vulnerability to wildland fires, as part of a broader
initiative to understand multiple natural hazards in Sweden
and necessary Fire and Rescue service capabilities associated
with these emerging natural hazards.

Introduction

Wildfires are a serious concern to communities around the
world. Traditionally this has been of greatest concern in the
south of Europe, the USA or Australia; but in recent years the
issue of wildland fires and wildland fire vulnerability has
gained traction even in Sweden. The number and
consequences of wildland fires in Sweden have increased in
recent years from relatively low values since the introduction
of modern forestry [1]. Recent research indicates that
Swedish buildings in the wildland urban interface (WUI) are
not sufficiently protected from wildland fires [2]. Fire and
Rescue Services (FRS) need support in understanding the
wildland fire hazard, their exposure risk and vulnerability in
order to be able to plan capability needs. The fire danger in
Sweden is assessed by the Swedish Hydrological and
Meteorological Institute (SMHI) using the Fire Weather
Index (FWI) developed in Canada [3]. A recent publication
indicates that the FWI provides a good method to assess fire
danger in Sweden [4]. Assessing the fire danger, is not,
however, sufficient for FRS planning. The index values need
to be combined with other hazard and exposure assessments
together with an understanding of capability needs.

In recent years, numerous methods of vulnerability
analysis have been developed and applied to the WUI [5-7].
There is, however, some uncertainty concerning the
applicability of such methods to the Swedish context [§]. The
work presented in this short paper provides a framework for
FRS to understand community vulnerability as input to their
capability needs. The work has been conducted within the
MSB and FORMAS funded research project EXTREME-

INDEX: A new multi-hazard vulnerability index, grant
number 2019-06053.

Methodology

A multistep approach to understanding fire danger has been
developed with the aim to assist FRS with training and
planning through improving their understanding of when
extreme natural hazards occur, see Figure 1. The
methodology is being developed in a modular manner to
foster the inclusion of multiple natural hazards, such as
wildland fires, flooding, earthquakes, etc. The method
presented here is specific to wildfires but “Hazard n” in
Figure 1 indicates the possibility to expand the model to
include additional hazards.

asa

HLand EL
(including GIs-

HAZARD AND
EXPOSURE =
ASSESSMENT
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Figure 1. Flow chart showing multistep methodology for assessment
FRS capability needs for training and planning.

The “Extreme Index” part of the tool developed will be based
on the combination of hazard and exposure evaluations for
each individual hazard. Figure 2 illustrates the “Extreme
Index” concept, where the “extreme contribution” is
determined as area of overlap between two hazards in this
case.

[~ ASSESSMENT
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Figure 2. Schematic figure illustrating the concept of estimating extreme
natural hazards as input to planning for the FRS. SH=single
hazard, MH=multiple hazard.

The full Extreme Index tool will display information in
the framework developed as part of the WUI-NITY initiative
[9]. The parts of the methodology in Figure 1 that will be
implemented are those that offer generic information. Many
parts of a vulnerability assessment will require local
information.

Results and Discussion

The project is still in the early stage of development of the
Extreme Index tool. Efforts are presently underway to apply
the methodology to a specific community (Ljungby). This
includes, e.g. the preparation of a fuel map applicable for
Sweden (step 3 in Figure 1) based on recent work done in
Canada [7]. It is anticipated that more details will be available
by the NFSD.

Conclusions

Municipal resources are finite and decisions concerning
capability needs in the fire service are crucial to their
planning to ensure that these resources are properly used.
Improved understanding of fire danger, hazard level and
exposure level are important data points as input to an overall
community vulnerability prediction. The development of
such community vulnerability predictions will improve FRS
planning and support vulnerability mitigation in the future.
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Abstract

Propagation of char inside timber during a fire is described
by a variety of methods. Many of these employed in practice,
however, include severe simplifications, such is the case for
example with Eurocode 5. As a result, these models are not
necessarily applicable in nonstandard fire scenarios.

Our work aims to create a material model to describe
charring of spruce and pine timbers, that is suitable for variety
of different fire scenarios. The model is estimated and
validated using experimental results from cone calorimeter
tests. The intended use of our model is to act as a solid phase
boundary to a CFD-based fire model, such as FDS.

Materials

Specimens of Norway spruce (Picea abies) and Scots pine
(Pinus sylvestris) are used in the current research. Their
average measured dry densities are 408 and 493 kg/m’,
respectively. The specimens are conditioned at 20 °C and 45
% relative humidity, resulting for both into a moisture content
of 9 %, wet basis. We assume the chemical compositions of
the woods as identical to [1], provided in Table 1.

Table 1. Chemical compositions of spruce and pine woods [1].

Component, weight-%  Spruce Pine
Extractives 1.7 35
Hemicellulose 28.3 28.5
Cellulose 41.7 40.0
Lignin 274 27.7
Residual 0.9 0.3

Experimental and numerical

Experimental work in our research is carried out using a cone
calorimeter manufactured by Concept Equipment, that could
be operated either in accordance with ISO 5660-1, or as a
controlled atmosphere cone calorimeter. The latter mode
allows for operation in up to near-zero oxygen content,
achieved by flushing the specimen chamber with nitrogen.

The pine and spruce specimens are 10 by 10 cm in exposed
cross section and 2 cm in thickness, and they were tested for
pyrolysis in near-zero oxygen (N, atmosphere) conditions,
nonflaming combustion but in standard atmosphere
(smoldering), and flaming combustion. Part of the tests in
near-zero oxygen and in flaming conditions were conducted
with K-type thermocouples (TC) in the inside halfway of the
specimen (1 cm depth) and on its unexposed side (2 cm depth),
to observe temperature in these locations. The flaming tests
without installed thermocouples are from our earlier work [2].

Numerical simulations of pyrolysis and oxidation are
carried out using Fire Dynamics Simulator (FDS) version 6
[3]. The material properties are estimated by model fitting to
cone calorimeter experiments, using the shuffled complex
evolution algorithm of the PROPTI software [4].

We continue using the same reaction schemes as in our
previous work [2], where we observe individually two
different options to describe thermal degradation of wood;
either through a single wood component decomposing to form
char (single reaction scheme, a), or by each of the wood main
components (extractives, hemicellulose, cellulose, and lignin)
forming char independently (parallel reactions scheme, b).
Now, when also considering the effect of oxidation, we add a
further reaction for oxidation of char (c¢). The Kkinetic
parameters for non-oxidative pyrolysis, that is, all reactions
within @ and b, are assumed to hold identical to as determined
in [2]. In b, extractives are combined to hemicellulose, as it
was deemed to have negligible effect in macroscopic
experiments (cone calorimeter), even though it was
recognized vital in estimating a kinetic model from
thermogravimetric experiments in [2].

a {wood — char + volatiles
hemicellulose — chary, + volatiles

b {cellulose - char, + volatiles
lignin — char; + volatiles

c {char — CO,
+0,
Figure 1. Reaction schemes employed in this work: a: single reaction, b:

parallel reactions, c: char oxidation that applies to the residual
char from both a and b.



Results

Thermal properties of both woods and their chars were
estimated by model fitting to mass loss and temperature
measurements from experiments in cone calorimeter under
nitrogen atmosphere and a heat flux level of 35 kW/m?. Table
2 shows the estimated parameters and their values for both
species of wood and for both reaction schemes. Char
densities are also included in Table 2, being adjusted so that
the simulated final thickness of the specimen matches the
experiment. Self-measured temperature dependencies of
specific heats of woods, and literature-sourced specific heat
correlation for char and emissivity of virgin wood of 0.9 are
carried over from our earlier work [2]. Char thermal
conductivity at 300 °C is assumed as in [5] for each wood and
reaction scheme. Figure 2 compares simulated and
experimental temperature histories for spruce.

Kinetic parameters for oxidation of char are estimated
using the mass loss data from the nonflaming cone calorimeter
tests in standard atmosphere, these conditions being achieved
by using a sufficiently low heat flux level and an absence of
the pilot ignition spark. For spruce and pine, experiments
under heat flux levels of 35 kW/m? and 30 kW/m? were
employed for estimation, respectively, since 35 kW/m? was
already sufficient to spontaneously ignite the pine. The a and
b reaction schemes of a same wood require distinct kinetic
parameters for char oxidation, as they produce char
differently; a produces it in a single relatively narrow reaction
step, whereas in b, lignin that decomposes over a wide
temperature range is mainly responsible for char production.
The kinetic parameters for char oxidation are contained within
Table 2, the reaction order being assumed as unity. The
reaction order with respect to oxygen is assumed as 0.68 [6]
and the parameter GAS_DIFFUSION DEPTH of FDS is set
at 0.0001 m, restricting oxidation near the exposed surface.

At the time of writing, simulations in flaming conditions
are a work in progress, so they are not considered herein.

Table 2.  Material parameters. A: frequency factor, E: activation energy,
k: thermal conductivity, H,: heat of pyrolysis, &: emissivity, p:
density, hc: hemicellulose, c: cellulose, I: lignin.

Component, Reaction schemea  Reaction scheme b

parameter Spruce  Pine Spruce  Pine
Water
A(1/s) 9.06E17 3.07E6  9.06E17 3.07E6
E (kJ/mol) 160 69.9 160 69.9
Wood
k(W/(mK)) 0.125 0.152 0.116 0.122
H. (kl/kg) 167 84.6
he 66.8 155
c 357 680
/ -1552 -1552
Char
k (W/(m K))
7=300 °C 0.138 0.138 0.138 0.138
7=600 °C  0.245 0.25 0.245 0.286
£ 0.769 0.765 0.769 0.765
p (kg/m* 525 104 20 72
A(1/s) 0.988 1.25 139 114
E (kJ/mol) 19.2 9.69 454 20.7
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Figure 2. Experimental (Exp) and simulated (Sim) temperature histories
inside spruce under N: atmosphere and 35 kW/m’. In/back
designates the TC location and a/b the reaction scheme.

Conclusions
Figure 2 shows that both models employing either the single
(a) or parallel reactions (b) schemes, reproduce the
experimental temperature measurement in both inside and on
the back of the specimen with good accuracy, except for
failing to capture the temperature increase within the
specimen near the end of the test. We suggest it is caused by
cracking of the specimen, which allows further heat transfer,
but is not included in the current FDS. The same holds for
temperatures measured in pine as well. The simulations of
mass loss rates, using schemes a and b, in nitrogen and in
nonflaming conditions agree well with each other and
experiments, but are not presented here. This all support the
conclusion of our earlier paper [2], that in cone calorimeter
scale, a model with multiple reactions offers no advantage
over one with a single reaction. Instead, the associated higher
number of input parameters adds up into model uncertainty.
As of the time of writing, our analysis tells that virgin
wood oxidation competitive to pyrolysis is unnecessary, but
this needs more support before a final conclusion.
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Predicting Fires in Mass Timber Buildings

Mass timber is an increasingly popular structural material
for large and tall buildings and has been cited for its
architectural desirability and low climate impact in
comparison with more conventional construction materials.

As mass timber is combustible, implementation of mass
timber involves several fire safety challenges. Due to a
combination of the limited reach of the fire brigade and
increased potential consequences, in some countries it is
required to ensure fires in taller buildings decay or extinguish
using a performance-based approach. In other countries a
prescriptive building code is implemented, which often
includes protection requirements for mass timber and limits of
exposed surfaces. Some countries allow both prescriptive and
performance-based fire safety design approaches.

Predictive modelling of the fire duration, fire
temperatures, heat release rates and the structural capacity
during building fires can be used to show compliance with
performance-based building code requirements. A small
number of models [1][2][3][4] have been proposed for
engineering use to predict the exposures of flashover fires
with exposed surfaces of mass timbers and this presentation
describes the SP-TimFire model developed at RISE [5]. Here
we present a model focused on the post flashover fire
including the decay phase and extinction of flaming
combustion for mass timber structures. A priori predictions of
five recent compartment fire tests have been set against
experimental results and compared. After the tests, the model
has been updated, primarily to increase the ease of use and
increase accuracy for the decay phase.

Model Description

The model consists of a single-zone model which uses an
energy equilibrium approach to obtain gas temperatures and
surface temperatures of compartment boundaries. From these
temperatures the through-depth temperatures, and therefore
the charring rate, of the timber can be calculated to establish
the energy contribution of the combustible structure. The
basic steps of the model are illustrated in Figure 1 and can be
summarised as follows:

Johan Sjostrom

Brandforskning

RISE

Goteborg, Sweden

johan.sjostrom@ri.se

1. Calculate the compartment fire temperatures for the
full temperature-time history using a single zone
model and a heat release rate curve.

2. Use these compartment temperatures to calculate the
temperature-time history of any protected and
unprotected timber structural element.

3. Calculate the charring rate through time for any
timber structural element and calculate the potential
heat release rate through time due to the charring

4. Add the CLT combustion contribution
contribution of the moveable fuel load.

5. Iterate (i.e. repeat steps 1 to 4) until convergence.

to

The calculated through-depth temperatures of mass timber
members could also serve to provide information for
structural calculations using temperature dependent reduced
material properties. However, the structural calculations are
out of the scope of this model.

2

Calculate temper
& determine the char depth in time

atures of all timber elements

Temperature \
Calculate charring rate and
corresponding CLT contribution
Unprotected mass timber
1 |
— 1 N [
! 4 Addmass 1
. [
5 ! Contribution “'“‘l":‘ -
] e ! . contribution ! /
& A
Heat losses
B Moveable fuel
= contribution
7
E Calculate the fire
3 temperature-time
£ history using energy
& equilibrium T T H

*in the decay phase, the net heat flux is directed from the boundary surfaces towards the room

Figure 1. The 4 steps of the model which are iterated.
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Test 1. Predictions vs. Experiments
Prediction Capabllltles Heat Release Rates
The radiation conditions (and total thermal exposure to 25
walls ceilings and floors) predicted by the updated model
accurately described the of recent full-scale experiments. The
comparisons with experiments showed that the total heat is, 20
however, underestimated in some cases and surface
temperatures were underestimated in the decay phase. Local
effects caused by a radiative feedback loop between surfaces S 15
that show significant char oxidation, which occurred in a part S
of the test, is not included in the model. =
After comparing the predictions with the results from the é 10
experimental series [6] the model was updated to include (1)
an updated method for the inclusion of char oxidation energy
and (2) a simulated shift from radiative interaction between 5
surfaces and gasses to an interaction between surfaces after
the disappearance of fire plumes. Comparisons between the
experimental results and the model predictions can be seen in
figure 2 and figure 3. ' 0 20 40 60 80 100 120
The predicted char depths after the full fire corresponded . .
. Time (min)
roughly to the average measured in exposed CLT walls of ' N
compartments with opening dimensions that correspond to Experimental = = Model Prediction
residential occupancy [6] and the char depth of the ceiling was
overestimated. The final char depth in the bottom of walls Figure 3. Comparison of the HRR of the updated model with Test 1 of
was, however, generally underestimated, see figure 4. This the experimental series.
underestimation is most significant at the foot of corners
where two exposed CLT walls intersect. Exposed wall char depths
Predictions vs. Experiments 13;
Thermocouple trees 9%
_. 80
1600 i
1400 B
o
PA | g 40 .
30
1200 |y »
& ‘, \ ]
<1000 10 X
o ‘ 0
-
= Test 1 Test 2 Test 3 Test 4 Test 5
= 800
g l
gu 600 Figure 4. Comparison of predicted and experimental char depths.
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