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ABSTRACT 

This report includes the Proceedings of the 9th International Symposium on Tunnel Safety and 

Security (ISTSS) held in Münich, Germany, 11-13th of March, 2020. The Proceedings include 42 

papers given by session speakers and 13 extended abstracts presenting posters exhibited at the 

Symposium. The papers were presented in 12 different sessions. Among them are Keynote sessions, 

Tunnel Safety Concepts, Fire Dynamics, Risk Analysis 1&2, Tunnel Safety Design Concepts, Poster 

Corner, Explosion Hazards, Active Protection 1&2, Emergency Management, Ventilation, Passive 

Protection and Evacuation.   

Each day was opened by invited Keynote Speakers (in total six) addressing broad topics of pressing 

interest. The Keynote Speakers, selected as leaders in their field, consisted of Anne Lehan, German 

Highway Research Institute, Germany, Marc Tesson, Centre for Tunnel Studies (CETU), France, 

Trond H. Hansen, Oslo Fire and Rescue Service, Norway, Mia Kumm, RISE, Sweden, Roland 

Leucker, Research Association for Tunnels and Transportation Facilities (STUVA), Germany and 

Rune Brandt, HI Haerter, Switzerland.   We are grateful that the keynote speakers were able to share 

their knowledge and expertise with the participants of the symposium. 

RISE Research Institutes of Sweden AB 

RISE Rapport 2020:09 

ISBN 978-91-89049-89-5 

Borås  
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PREFACE 

These proceedings include papers presented at the 9th International Symposium on Tunnel Safety and 

Security (ISTSS) held in Münich, 11-13th of March 2020. The symposium is well established in the 

tunnel fire community and the success of ISTSS is a tribute to the pressing need for continued 

international research and dialogue on these issues. These proceedings provide aa state-of-the-art 

knowledge in the field of fire safety and security in undergrounds structures.  

 

This ISTSS regularly attracts over 150 delegates from all parts of the world and represents an arena 

for researchers to discuss safety and security issues associated with complex underground 

transportation systems. We see that new energy carriers (vehicles with new type of propellant) 

protection has become a major field of interest. The explosion of the CNG bus in Stockholm 2019 and 

the car park fire in Stavanger 2020 are examples of the challenges of the future. Inside an 

underground construction these incidents would have much higher potential for damage. The new 

energy carriages   will in near future become one of the most important research fields. Furthermore, 

risk and engineering analysis continues to be an area that attracts many papers. This year there is also 

a specific focus on best practice engineering and research. Numerous renowned researchers and 

engineers have contributed to these and other topics at this symposium for which we are very 

thankful.  The enormous costs for underground structures forces engineers to design alternative 

solutions. The sessions that have greatest focus on mitigation of fire development include those 

dealing with the effects of ventilation systems, active and passive fire protection, firefighting and 

human behaviour.   

 

We received nearly 70 extended abstracts in response to our Call for Papers (not including our six 

invited Keynote Speakers) and believe that the quality of the accepted papers is a testament to the 

calibre of research that is on-going around the world. Of these, 49 abstracts were selected, based on 

their high scientific quality, for paper presentations. The poster session contains 13 posters to canvas 

interesting emerging research. During the symposium there is also an exhibit where businesses 

present their work.  

 

The selection process was carried out by the 15 members of the Scientific Committee. The Scientific 

Committee consists of many of the most well-known researchers in this field (a list can be found on 

the Symposium website, www.istss.se). We are grateful for their contribution to make this symposium 

as the leading one on fire and safety science in tunnels. Ten of the 2018 symposium papers were 

selected to candidate as full journal papers in Fire Safety Journal. A special issue has been published 

related to the ISTSS 2018 which finally included eight accepted papers. These papers were peer 

reviewed and selected by members of the scientific committee together with the editors of Fire Safety 

Journal. It is our hope that this process will continue in the future in order to raise the level of the 

scientific part of the symposium. 

 

Finally, we would like to thank the other members of our organisation committee: Jonatan Gehandler, 

who is program co-ordinator, Kaisa Kaukoranta, symposium co-ordinator, Dr Ying Zhen Li, scientific 

co-ordinator and Linnéa Hemmarö, marketing co-ordinator. We also would like to thank our sponsors 

who contributed with their support and engagement.   

 

 

Haukur Ingason Anders Lönnermark 

Chair of Organisation Committee                             Chair of Scientific Committee  
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Influence of digital transformation on the interaction 
between tunnel infrastructure and road user - 

opportunities and risks 
 
 
 

Anne Lehan1,  
1BAST Federal Highway Research Institute, Bergisch Gladbach, Germany 

 
 
 
ABSTRACT 
 
An important objective of safety measures in road tunnels is to ensure a defined level of safety with 
the aim of enabling tunnel users to rescue themselves in the event of an incident (e.g. fire in the 
tunnel). If the conditions change, it shall be investigated how this affects the behaviour of tunnel users 
in the context of self-rescue. Digital transformation will bring changes to the entire transport sector. 
Developments in the area of connected and autonomous driving will offer opportunities to improve 
road safety, but at the same time present new challenges for infrastructure managers. In addition to 
organisational measures, the new possibilities for interaction with road users must be examined in 
terms of their effectiveness. 
 
 
KEYWORDS: digital transformation, tunnel safety, C2X-communication, human behaviour, future 
challenges 
 
INTRODUCTION 
 
Basis for the high safety level in Germany are the "Guidelines for the Equipment and Operation of Road 
Tunnels" (RABT) and the new "Recommendations for the Equipment and Operation of Road Tunnels 
with a Planning Speed of 80 km/h or 100 km/h (EABT-80/100) introduced in 2019. Based on the 
European Directive 2004/54/EC, they regulate the minimum safety requirements for road tunnels in the 
trans-European network in order to achieve a uniform safety level in all European tunnels. In addition 
to the prevention of incidents in tunnels, RABT increasingly focuses on the personnel protection. The 
self-rescue of road users is top priority. In case of an emergency, people in the tunnel should be able to 
rescue themselves quickly without waiting for the arrival of emergency services. Compliance with a 
defined safety level with the focus on the safety of users has the top priority when assessing tunnel 
safety. However, the prescribed tunnel safety measures also serve to protect the tunnel structure and to 
support the rescue services in case of emergency. 
 

If conditions change or new factors have to be considered, which affect the level of tunnel-safety or the 
self-rescue of users, these have to be evaluated holistically. In addition to risk-analytical and economic 
issues, the psychological evaluation of the tunnel user in its entirety, especially in relation to his 
behavior is an essential object of investigation (see Figure 1). This applies equally to technical 
innovations as well as for changes in the composition of the user-collective (e.g. demographic changes). 
If the safety level cannot be maintained due to the changed boundary conditions, appropriate 
compensation measures must be implemented. 
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Figure 1: Classification of psychologic-behavioral investigation in the context of the evaluation of 

safety devices in road tunnels 
 

The main objective of safety measures in tunnels is to ensure and to further enhance the self-rescue of 
road users in case of events of an incident. To understand the behavior of road users in the event of an 
incident and to support self-rescue, it is necessary to consider various aspects of human information 
processing. A central component is the perception because of the various sensory channels the necessary 
information is included, which first include an understanding of the current situation as well as the 
perception of opportunities and goals of behavior. Major channels for communication of safety-related 
information are the visual and the acoustic channel. In addition to perception, the evaluation of the 
information and the decision making are of particular importance. Also motivational and emotional 
processes have be taken in consideration. Several models attempt to integrate the relevant processes in 
case of an incident [1,2]. 
 
These efforts to take a holistic view and weigh up the various influencing factors and the consistent 
implementation of the EC Directive have led to a high level of safety in road tunnels both, nationally 
and internationally. The early detection of imminent events in order to initiate appropriate measures, 
i.e. the time factor with a corresponding quality of information, is considered to be particularly decisive. 
 
 
DEVELOPMENTS IN THE FIELD OF TUNNEL SAFETY & SECURITY 
 
The relevant developments, innovations and research topics in the field of tunnel safety and security 
over the last 20 years are shown in the following Figure 2. Due to the severe fire incidents in the 
Alpine countries at the turn of the millennium, tunnel operation was strongly influenced by the safety 
retrofitting programme as a measure to implement the EC Directive. With the events in connection 
with 9/11, the aspect of civil security and thus the protection of critical infrastructure against extreme 
events such as terrorism and major fires became the centre of the consideration. While various 
innovations in the field of detection technologies for preventive event detection (sensors) have been 
recorded in recent years - such as thermography, video detection or acoustic detection systems - it is 
clear that current and future activities are strongly focused on digital aspects. 
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Figure 2: Selected developments and research topics in the field of Safety & Security 
 
The topics currently being addressed in the field of road traffic and related to digitisation are connected 
and automated driving. However, the issues of handling the associated large amounts of data, machine 
learning and the use of artificial intelligence (AI) are also important. 
Since about 2015, this aspects have been summarized for the transport sector under the term Mobility 
4.0. It can be assumed that the digitisation of roads will provide opportunities to increase performance, 
offer potential for improving safety and and contributes to environmental compatibility [3]. 
The basis of the digital transformation is a digital infrastructure and digital technologies that continue 
to evolve at an ever faster pace while at the same time triggering new digital innovations. Big data, 
social media, the Internet of Things, smart cities or, in case of road traffic, the intelligent road are just 
a few examples. The basis for this is a targeted development of digital, data-based applications for 
Mobility 4.0 that is tailored to the interests of all parties involved. 
 
 
MOBILITY 4.0 - CONNECTED AND AUTOMATED DRIVING 
 
The collection of mobility data and its targeted use for traffic management is intended to achieve 
better use of existing infrastructure and transport services [3]. As a result, this should lead to an 
increase in the efficiency of our infrastructure. In the following, the aspect of increasing traffic safety 
will be mentioned: 

The preliminary stage on the road to automated driving is provided by driver assistance systems that 
warn the driver if there is a risk of an accident and can intervene themselves in case of an emergency. 
It can be expected, that the technical support by assistance systems has enormous potential for 
increasing road safety, especially in critical driving and traffic situations. As a rule, the information 
provided by these assistance systems is vehicle-related. Although they include their environment for 
situation assessment (distance warning, lane change and brake assistant), there is not yet any exchange 
with the surrounding vehicles or with the infrastructure. 
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Digitisation and the intended networking opens up a new possibility: the use of the transport collective 
as a fully digitised mobility, information and communication platform. This technology, known as C2X 
and to be regarded as an extension of the driver assistance systems, should make it possible in future to 
provide additional information for the infrastructure operator and road users to assess the current traffic 
situation or safety situation in the tunnel. To date, a distinction has been made between C2C, C2I and 
I2C technologies. 

C2C communication (car-to-car communication) describes the exchange of data between vehicles and 
is intended to further improve the traffic information of individual road users. If, for example, the 
vehicle in front detects an accident or a traffic jam, the vehicles behind should be informed in real time. 

As the next stage with the accompanying increase in road safety, the concepts C2I (car-to-infrastructure 
communication) and I2C (infrastructure-to-car communication) can be evaluated. C2I describes the 
communication between vehicles and the infrastructure and I2C, the communication from the 
infrastructure to the vehicle. Here, information is to be exchanged between road users (or their vehicle) 
and the traffic infrastructure via corresponding interfaces, so-called Road Site Units (RSU). The current 
technical developments of C2X communication for tunnels are described in [4]. In comparison to C2C 
communication, the exchange with the superordinate infrastructure can have a preventive effect on the 
avoidance or the extent of events by early intervention in the traffic flow and make the information 
available to an even wider circle of users. It should be noted that these are all preparatory steps towards 
automated driving. This is seen as a particular increase in road safety. Analyses of accident statistics 
for the German road network show that the main cause of traffic accidents is 90% human error, which 
is caused by inappropriate speed, inattention or too short a safety distance [5]. This is also confirmed 
by the statistics for the years 2016 to 2018 and can also be assessed as relatively constant based on 
Figure 3. 

 

Figure 3: Causes of misconduct in accidents involving personal injury on German roads [Source: 
destatis] 

With regard to tunnels, the German authorities do not keep cause-related accident statistics, but if, for 
example, neighbouring countries such as Austria are considered, a similar picture emerges. According 
to Figure 4, about one third of all accidents in Austrian tunnels can be attributed to carelessness or 
distraction. In second place is the too low a safety distance. This is followed by the cause inappropriate 
speed and in fourth place is fatigue [6]. 
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Figure 4: Presumed causes of accidents in tunnels with unidirectional and bi-directional traffic over 
500 m in length, in percent (2012-2017) [6] 

 
Some of the reasons listed here as causes of accidents can already be counteracted today by using 
vehicle assistance systems. With so-called "autonomous driving", human error as a cause of accidents 
should soon be a thing of the past. It remains to be seen, however, what effect assistance systems and 
C2X technologies will have on the occurrence of accidents and the level of safety, especially in 
tunnels, particularly as the traffic situation will be strongly influenced by mixed traffic in the medium 
term. Mixed traffic refers to the composition of the traffic collective consisting of conventional 
vehicles, vehicles with C2X interfaces and automated and autonomous vehicles. 
 
Application of C2X technologies for event detection 
 
The potential added value of the C2X technology's areas of application for tunnel operation and event 
detection can be seen in Figure 5. Listed are the conventional sensors and detection systems that are 
used to assess the condition for normal operation but also for event detection. 
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Figure 5: Potential Event-Detection-Matrix [own representation on the basis of [7] and [4]] 
 
In addition, innovative detection systems, which were further developed within the framework of the 
ESIMAS research project [7], are listed there, which can be used in particular for event prevention in 
tunnels. Furthermore, the individual C2X technologies C2C, C2I and I2C, which are relevant for the 
time being, are listed there. This is compared with safety-relevant tunnel events. The matrix easily 
shows that in the area of detection and reporting of an event, the innovative detection systems can 
already show a higher detection quality in general. The C2X technology has much greater potential in 
terms of its possible applications for detecting events or traffic conditions and the speed at which road 
users can be informed automatically. 
 
 
PREPARATORY FIELDS OF ACTION AND MEASURES 
 
In order for the opportunities offered by digitisation to be exploited, basic conditions must be fulfilled. 
In addition to the technical infrastructure, these include the consideration of legal aspects and the early 
involvement of road users in a behavioural psychological context, as well as the use of individual forms 
of address. 

Technical infrastructure 

The success and smooth transition to the regular operation of networked and autonomous driving is 
directly related to the performance of the required infrastructure. The prerequisite for successful and 
strong networking and communication of the large number of vehicles is a technical infrastructure with 
high transmission rates. Furthermore, the necessary interfaces for data exchange must be created across 
the board. Whether the same transmission paths are possible throughout the tunnel is defined in various 
research activities based on the specifications for the open track. Special attention is paid to the 
processing of the data obtained. Here, communication rules must be created that limit data queries to 
only relevant and situationally necessary data and information. For a limited amount of data alone, 
procedures will be required that meaningfully merge the collected data, check its plausibility and 
forward it to the road users, operators or emergency services. Artificial intelligence can be a means of 
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Fire ● ● ● ○ ○ ● ● ● ●
Fire with dangerous goods ● ● ● ○ ○ ● ●
Overheating of vehicle parts ○ ● ●
Wrong-way driver ● ● ● ● ● ●
Slow-driving vehicle ● ● ● ● ● ●
Congestion ● ● ● ● ● ●
People/ Animals in the tunnel ○ ○ ○ ● ●
Danger spot in the tunnel ● ●
Broken down vehicle ○ ○ ● ● ● ● ●
Stop and go traffic ● ● ● ● ● ●
Collision/ accident ○ ○ ● ● ●
Collision with dangerous goods ● ● ●
Occupancy lay-bys ● ● ● ●
Overheight vehicles ● ●
Slippery road ● ● ●
Emergency call ○ ○ ○ ●
Accidential release of dangerous goods ○
Operational disturbance ●
Excessive/ inappropriate speed ● ● ●

                                                                     ●= direct detection and notification       ○= indirect detection

Events

Conventional detection systems
Innovative detection 

systems
C2X
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handling the flood of data. 
 
Legal situation (IT security and data protection) 
 
Clear regulations regarding data protection and IT security are fundamental to networking. In addition 
to protecting the infrastructure from external attacks, it is also important to prevent manipulation and 
misuse of the vehicles. The rights to individual mobility data must also be clearly regulated. To this 
end, data protection rights must be observed and the protection of these rights must be the focus of 
development and preparation from the outset. Vehicle manufacturers also bear a great deal of 
responsibility here, as they must take data protection aspects into account in their developments 
(Privacy by Design). Furthermore, care must be taken to ensure that suitable encryption of 
communication is used to limit the required data in a sensible and targeted manner. Furthermore, this 
must be developed at least in the European context so that the same standards can be applied across 
countries. Here, the harmonisation of the requirements will be of great importance. All of this must be 
made very transparent in order to achieve the highest possible level of acceptance and thus at the same 
time the trust of the users. The topic of data security in particular will present vehicle manufacturers, 
developers and infrastructure owners/operators with great challenges in order to ensure that protection 
is always up-to-date. 
 
Organisational structures in tunnel operation 
 
So far, the traffic and safety situation in the tunnel has been assessed via the tunnel control centres by 
means of video surveillance and information obtained from conventional tunnel technology such as 
general sensors for condition monitoring (e.g. induction loops, CO measurement, visibility 
measurements, fire detection cable). The networking results in new sources of traffic data, which can 
also be used to assess the traffic and safety situation. In order to be able to use these data for real-time 
forecasts as well as traffic control tasks, procedures must be developed that enable operators to make a 
quick and, above all, comprehensible assessment based on the data. Weak artificial intelligence can be 
used for decision support, as is already the case for the fusion and plausibility check of the data. The 
extent to which automated, independent control and information processes are to be used, also within 
the scope of reporting channels, must be carefully weighed up. 
 
Use of individual forms of address 
 
A major challenge for infrastructure managers will be to ensure a consistent level of safety during the 
phase of mixed use. Therefore, according to the individual preferences of the road users, communicative 
and educational measures for the improvement of road safety must be increasingly provided on several 
channels and media. It can be assumed that the processes of change will take place more and more 
quickly, and information must be provided in due time. Based on current developments, it can be 
assumed that a concept of lifelong learning will be necessary. 
 
Increasing social individualisation, the development of new technologies, changes in mobility needs 
and traffic conditions make new learning and training concepts and contents in driving and traffic 
education necessary. However, the upcoming changes must be brought to those who already have a 
driving licence. One challenge will be to provide information about new forms of mobility, traffic 
conditions and legal regulations in a way that is appropriate for the recipient. To this end, new 
information channels and forms of address (e.g. social media, smart devices, vehicle display) must be 
used which take account of the changed media usage behaviour and which are also recognised as 
binding in this way. 
 
 
RESEARCH 
 
In order to be able to reach the target groups of activities in road safety with messages in the future as 
well, it is therefore essential to continuously research current changes in user behaviour and use them 
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in road safety communication. For this purpose, new methods such as virtual reality can also be applied.  
 
Research using virtual reality 
 
However, it is not only necessary to convey the message, but in particular to check whether the message 
is implemented as intended. This requires an accompanying process of preparation and implementation. 
Testing in ongoing traffic (field test) involves too great a risk, which is why means such as the use of 
virtual reality can be resorted to here. This has already proven to be helpful and successful in other 
scientific issues. 
In the field of research on the correct behaviour in tunnels, the effect of the use of new technologies on 
the escape behaviour of road users could be analysed using the example of stationary fire fighting 
systems. 
 
 

  
Figure 6: Test persons in the VR test situation [Source: Universität Regensburg, [8]] 
 
The knowledge gained in this process has shown that there are interactions of the tunnel users with such 
systems, which, however, if various compensation measures are taken into account, e.g. appropriate 
references to such technology and adapted and easily understandable voice announcements before the 
system is activated, do not have a negative effect on the self-rescue of road users [9]. Nevertheless, it 
is essential to verify the results obtained in this way with studies and analyses in practice. 
 
Through realistic experience in the virtual world, emotions are experienced that make the situations 
more tangible for everyone. Not only can mistakes be made here that would have fatal consequences in 
the real environment, but environments can also be designed to be profitable for learning. Due to the 
enormous potential which arises here as a training method for (prospective) road users, it is necessary 
to develop this area and to use this digital technology further and more intensively. 
 
Future research challenges 
 
Future research for tunnels with regard to digital transformation must take into account the 
developments in the field of open track and be harmonised with them. However, as tunnels are critical 
elements of road infrastructure, the conditions differ from those of the open road and different boundary 
conditions prevail (closed space, spread of fire, etc.), these resulting requirements have to be formulated 
and applied to the appropriate places in order to be taken into account at the earliest possible stage. 
 
With regard to behavioural research, the effectiveness of the new forms of address should be 
investigated. 
In spite of parallel communication and information channels, each medium must unambiguously 
provide instructions for behaviour. There must be no uncertainties caused by parallel systems that could 
lead to misbehaviour of road users in extreme situations.  
When using individual forms of response - as real events and various research activities have shown - 
group dynamics in extreme situations should not be underestimated.  
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Interaction studies have to be carried out and evaluated for all events, since, depending on the event, 
adjustments have to be made to the safety equipment in order to counteract possible misbehaviour. 
 
It can be assumed that the operation of the infrastructure and the measures associated with it will be 
strongly oriented to the usage habits and developments of the road users. This means that these changes 
will have to be regularly recorded and reviewed in terms of their effectiveness and efficiency. A good 
indication for the examination of the effectiveness of safety measures are detailed event analyses that 
provide information on the causes of the events. Only in this way a targeted improvement of safety 
measures, especially the dissemination of knowledge about correct behaviour, can be achieved. 
 
Organisational aspects of tunnel operation shall be evaluated on the basis of emerging changes and 
structures, particularly in the reporting system, shall be adapted accordingly. Existing structures and 
established procedures as well as information and action instructions must be reassessed. 
 
Basically, it is necessary to identify the safety risks that will exist during the time of mixed traffic and 
to develop and provide suitable compensation measures. 
 
The question of the necessity of previous elements of tunnel safety equipment cannot be examined 
superficially in the short to medium term, as the currently unforeseeable duration of mixed use means 
that conventional technologies will still be required. In the long term, however, it is to be expected that 
there will be potential for compensation due to the synergies of conventional technologies and C2X 
communication. Provided that the new communication channels have established themselves, parts of 
the tunnel equipment could become obsolete, not only from an economic point of view. 
 
Digital technologies are not only suitable for carrying out safety investigations in tunnels. They can also 
be used to disseminate the knowledge gained in a way that is appropriate for the recipients, in order to 
create a knowledge base in the population about the correct behaviour in emergency situations. 
 
 
SUMMARY AND CONCLUSION 
 
At present, it is not possible to predict how quickly developments in the field of digitisation will 
influence our transport behaviour and the management of transport infrastructure. It is, however, 
extremely important that infrastructure managers actively and systematically help to shape this 
transformation process, taking into account the changing "habits" of users. For this purpose, operators, 
in particular tunnel managers, must clearly formulate their requirements and address them to technology 
providers and decision-makers. Under certain circumstances, this may also mean that in the medium 
term, closed solutions are not sought, but that a certain flexibility allows for change processes without 
the risk of security losses. 
 
It is foreseeable that there will be a change in the way we obtain and exchange information. This new 
information logistics must be understood and established as a research, development and innovation 
environment. To this end, research funds must be made available and additional experimental fields 
must be defined and set up. 
 
In addition to the challenges that users and infrastructure managers have to face, C2X communication 
also opens up potential that can contribute to improving road safety. For tunnel monitoring, concepts 
for targeted data fusion and plausibility checks can be expected to provide opportunities for better event 
prevention. For the interpretation of large amounts of data, procedures are needed to make them 
manageable. At the same time, it can be assumed that the possibility of individualised responses will 
lead to improvements in the case of event management and explicitly for self-rescue. 
 
The safety aspect will also be the central theme in the new mobility concepts of the future. This involves 
both, the safety of road users and the security of data exchange. The interactions with the new digital 
services and the road user play a major role in this context, and interaction analyses with regard to 
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investigating how this information is received and implemented represent an important aspect in the 
area of behavioural analyses. 
 
In the course of these changes, all stakeholders are called upon to question their previous approach with 
regard to topicality and to deal with the new disciplines. In doing so, they must carefully weigh up 
which digital possibilities generate added value in terms of road safety and how they can be used 
intelligently. 
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Future Challenges for road tunnel safety and security 
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Centre for tunnel studies (CETU), Bron, France 

 
 
 
ABSTRACT 
 
This paper addresses future challenges for road tunnel safety and security, based on the author’s 20 
years of experience within the tunnel community. It notably includes inputs based on exchanges 
between CETU and PIARC, ITA-COSUF, GTFE and more recently the Work-Stream Tunnel Safety 
group and the COB. 
 
Since the fires in the great alpine tunnels in the 2000s, regulations have evolved considerably. In a first 
step this paper summarises the considerable progress made over the last 20 years in terms of procedures 
and the main technical advancements. It then examines the progress required in light of the new 
challenges looming on the horizon. The conclusion highlights the major roles to be played by the above-
mentioned organisations in order to accompany this process.    
 
KEYWORDS: future challenges, road tunnel, safety and security 
 
 
 
1 INTRODUCTION 
 
This paper addresses future challenges for road tunnel safety and security, based on the author’s 20 
years of experience within the tunnel community. It notably includes inputs based on exchanges 
between CETU and PIARC, ITA-COSUF, GTFE and more recently the Work-Stream Tunnel Safety 
group and the COB (see figures 1 to 6 below). 
 

 

 
 

The World Road Association-PIARC was established in 1909. It brings together 
the road administrations of 122 governments and has members – individuals, 
companies, authorities and organizations – in over 140 countries. 
Its motto is “Exchanging knowledge and techniques on roads and road 
transportation” 
https://www.piarc.org/en/  

Figure 1 PIARC 
 
 

 

 
 

ITA COSUF, created in 2009, is a Committee of the International Tunnelling 
Association (ITA). It is the centre of excellence for world-wide exchange of 
information and know-how regarding operational safety and security of underground 
facilities. 
http://www.ita-cosuf.org/  

Figure 2 ITA-COSUF 
 

 

 
 

The French-speaking Working Group of Road Tunnel Operators (GTFE) was 
founded in 1973 to foster closer cooperation between all stakeholders involved in 
managing and operating tunnels that are either planned, under-construction or in 
service. 
http://www.cetu.developpement-durable.gouv.fr/groupe-de-travail-francophone-
des-exploitants-de-a1136.html  
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Figure 3 GTFE 
 

 

 
 

The COB (Netherlands knowledge centre for underground construction and 
underground space), founded in 1995, is a non-profit network organisation in which 
more than seventy contractors, clients, consultancy firms and knowledge institutions 
work together on issues related to underground construction. 
https://www.cob.nl/wat-doet-het-cob/internationaal/  

Figure 4 COB 
 

 

Work Stream 
"Tunnel 

safety" group 

The Work Stream "Tunnel safety" group brings together representatives from the 
road administrations in the 4 member countries and regions (the Netherlands, U.K., 
Flanders, France). Its objective is to develop benchmarking systems regarding 
regulations and practices in the field of tunnel safety. 

Figure 5 Work Stream tunnel safety group 
 

 
 

CETU (Centre for Tunnel Studies) is a public technical body under the auspices of 
the French Transport Ministry. It is involved in all technical aspects of Road, Rail 
and Waterway tunnels.  
http://www.cetu.developpement-durable.gouv.fr/  

Figure 6 CETU 
 
 
2 MAIN ADVANCES AND FUTURE CHALLENGES   
 
Since the fires in the great alpine tunnels in the 2000s, regulations have evolved considerably. In Europe 
for example, all stakeholders (public authorities, owners, tunnel operating bodies, designers, safety 
officers, consultants, emergency services, etc.) are strongly encouraged to work together in order to 
draft safety documentation for all tunnels subject to these updated regulations.  
 
This chapter summarises the considerable progress made over the last 20 years in terms of procedures 
and the main technical advancements. It summarises the information provided in article [1] and is 
notably illustrated by the experience gained in France [2] and in Europe [3] . Thanks to the mobilisation 
of the tunnel community [4], these practices are very often adopted and have been taken on board all 
over the world.     
 
 
2.1 Organisational aspects and procedures    
 
In France, since the law of January 2002 came into force [1], the Administrative Authority (AA) must 
give its approval for any tunnel construction or major modifications to existing tunnels that are longer 
than 300 metres, regardless of who the owner is. Similarly, the commissioning of this work must receive 
authorisation from the AA after the owner has provided sufficient guarantees. This authorisation must 
be renewed every six years. 
 
The act enabling the implementation  of the aforementioned law specifically sets out all the procedures 
to be followed. It indicates all the various documents to be submitted to the AA and the act also ushers 
in the National Commission for the evaluation of the safety of road works, in charge of assisting the 
AA in its evaluation by giving it an opinion on this documentation. The commission must also approve 
those experts and organisations that owners may call upon. Various booklets have been drafted to help 
owners better understand and follow the procedures ([5], [6], [7], [8], [9]). 
 
 
2.2 Main advances made over the last 20 years and future challenges  
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A certain number of subjects were focused on in order to ensure that safety improvement programmes 
in France were as efficient as possible. Several of them concern the ability to monitor, manage and take 
action simultaneously on vehicles, the people travelling through the tunnel and the intervention means 
and equipment available. 
 
To learn more about these subjects, readers are invited to consult the recommendations published by 
CETU and the work led by PIARC and ITA-COSUF. The technical reports constitute a complete 
overview of the international approaches.   
 
• Prevention through traffic control 

The goal of prevention is to limit the number of situations that could turn into major accidents. It is of 
the utmost importance and special attention should be paid to the measures that can be taken during 
both the design and operating phases. These include avoiding congestion, preserving a smooth, calm 
traffic flow inside the tunnels and controlling the transport of hazardous goods (see figure 7). Various 
technical tools and control measures exist to help achieve these traffic conditions and can be 
implemented in road tunnels.    
 

 

 
 

Figure 7 Organization of Hazardous Goods convoys (Frejus tunnel Platform – France) 
 
For all aspects concerning traffic flow and individual driver behaviour in tunnels, there are many 
interesting possibilities for progress with improved on-board information and a wide range of 
innovative solutions that could be put into use through Intelligent Transportation Systems (see 
chapter 3). 
• Measures to improve evacuation 

Plans and equipment for user evacuation and emergency service access are considered the most basic 
protection measures. Users in danger must be able to quickly find an exit leading to a safe area.  
 
The overall design of these exits should make it possible for everyone to exit easily. Factors to take into 
account include the general tunnel design, the distance between each exit, access to the exit, how the 
doors open, use of an airlock, conditions of the exit route etc. Exits must also be designed so that people 
with reduced mobility can reach safe areas where they can await the arrival of rescue teams. 
  
Two main recommendations have been issued by PIARC [10] and CETU [11] regarding this issue. 
 
Future challenges regarding this important issue include training tunnel users and taking greater 
account of reduced mobility users (see chapter 3).   
 
• Ventilation and smoke extraction measures 

Work to improve safety in tunnels has often led to the complete renovation of existing ventilation and 
smoke extraction systems. In the past, such systems were primarily designed to provide fresh air. Today 
the fire hazard and the need for efficient smoke extraction is the main design imperative. This shift 
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means that it is sometimes necessary to perform a complete overhaul of existing systems, for example 
turning fresh air ducts into exhaust ducts or altering usage of available space in the cross section.  
French regulations [2] and the ventilation guidelines booklet [12] specify requirements. At the same 
time, the tools to develop and design these systems have improved. Today, 3D simulation is increasingly 
used to model smoke movements and compare different system design options. One of the most difficult 
aspects is controlling smoke from a fire.  
 
Future challenges regarding this important issue will be facilitating tunnel operations and improving 
knowledge about New Energy Carriers (see chapter 3).    
 
•  Structure performance in a fire context 

In France, fire tests are carried out according to clearly defined methodology found in the guide “Road 
tunnel performance in fire” and the addition to the document [13] which clearly sets out the measures 
to be adopted and the method to be employed to meet requirements.  
 
The vicinity of some tunnels to other roads or areas accessible to the public and the catastrophic 
consequences of a possible structural collapse in case of fire, mean that we must be able to reliably 
estimate the maximum resistance time for structures under maximum stress, i.e. an intensive fuel fire. 
If the resistance time is clearly too short then appropriate solutions must be found. 
 
• Monitoring and communication systems 

Since 2000, the requirements for tunnel management systems have become increasingly stringent. An 
ever-increasing volume of data must be processed (up to 70,000 input and output data for a given tunnel 
in some cases), operating assistance tools and sophisticated automated functions are used, whilst 
redundancy must also be managed. All these high-tech developments make the whole system more 
complex and “cutting edge”. 
 
Advantage has been taken of progress made in industrial plant safety measures to create a standardised 
system in which difficult issues have been identified. Also refocusing the system on some principal 
goals can simplify network architectures. 
 
Other topics already dealt with in this context are: tunnel surveillance carried out at great distances from 
the tunnel, radio communication needed for public services to carry out civil safety missions, use of 
mobile phones and GSM communication. 
 
Future challenges regarding this important issue will include Intelligent Transportation Systems and 
consolidating tunnel surveillance and control (see chapter 3).    
 
• Organizational procedures  

In France owners of tunnels subjected to regulations are, as we have already indicated, obliged to draw 
up and then regularly update the safety documentation for each tunnel in use. This exercise offers an 
important opportunity for discussions between tunnel personnel and with external players who may be 
called to the site, in order to consider improvements in tunnel safety either under normal or emergency 
situations. 
 
The following topics are notably to be considered in this context (they are generally well-integrated by 
all stakeholders): a clear definition of the level of tunnel supervision, an emergency response plan 
adapted to the context of the tunnel, yearly training drills, training of tunnel surveillance personnel, 
safety improvements based on feedback, …   
 
Future challenges regarding this important issue will be digital twins, training of stakeholders (see 
figure 8) and life cycle approaches (see chapter 3).    
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Figure 8 Safety drills – Talant tunnel (France) 
 
• Security  

To accompany these safety-related provisions, the increased terrorist threat has led CETU to draw up 
guidelines on security measures to be taken with respect to road tunnels. By virtue of the provisions set 
out in the government's vigilance, prevention and protection plan against the terrorist threat, these 
guidelines are intended to specify the means that can best ensure the safety of road tunnels (which are 
vulnerable parts of road infrastructures due to their confined space) and tunnel users.  
 
The risks linked to acts of terrorism are not fundamentally different from those taken into account in 
the current operation of tunnels. For this reason, these guidelines do not introduce a new approach. The 
document proposes security measures that are a continuation of those currently implemented in road 
tunnel safety procedures.    
 
The operational approach to addressing the terrorist threat thus proposed is aimed at helping operators 
assess the potential threats and vulnerabilities in order to accordingly complement or adapt their 
intervention strategy and update their Emergency Response Plans.  
 
Future challenges regarding this important issue will be cybersecurity (see chapter 3).    
 
2.3 A complementary approach based on “Safety functions”  
 
The specificities of each tunnel, the way each one is operated, the great diversity of equipment installed 
and the different communication and electric power network architectures mean that we are faced with 
complex organisational and technical systems that differ greatly from one tunnel to another.  
 
CETU applied the concept of “safety functions” when defining a method to characterise the minimum 
system reliability levels required to provide the highest level of safety for users. This approach was 
formally set out in CETU's information memo No. 23 “Definition of safety functions – Application to 
degraded operating modes and minimum operating requirements” [14]. This document is based on 
practices observed by analysing French road tunnel safety documentation and in particular booklets 4 
[8] and 5 [9] of the CETU Guidelines on Road Tunnel Safety Documentation. 
 
The table detailed on pages 4 and 5 of the document [14] sets out the main functions as well as the 
means for their implementation. It shows that each safety function requires several resources to be 
activated. Conversely, each resource contributes to one or more safety functions or even to all functions. 
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It thus appears that maintaining certain resources in working order is essential for the safety of the 
structure and requires stringent operating constraints in case of failure. 
 
This safety function-based approach is very useful in objectifying and rationalising the choices made in 
terms of the design of the technical and organisational systems used in operating the tunnel.  
 
Future challenges regarding this important issue will be safety management systems, training of 
stakeholders and inspection techniques (see chapter 3).    
 
 
3 FUTURE CHALLENGES FOR ROAD TUNNEL SAFETY AND SECURITY 
 
The previous chapter has attempted to stress the importance of the work developed over the past 20 
years and points out the progress to be made in light of the growing future challenges.   
 
As seen above, the road tunnel operating context is complex. It would therefore be very ambitious to 
claim to address all the main challenges facing operators in terms of safety and security. The list given 
in this chapter does not therefore claim to be exhaustive. 
 
On the basis of the experience gained since the 2000's, the main challenges highlighted by professionals 
in this area are the following: Cyber security, Digital Twins (including training of stakeholders), 
Facilitation of tunnel operations, Consolidating tunnel surveillance and control, Inspection techniques, 
Intelligent Transportation Systems (ITS), Life cycle, New Energy Carriers (NEC), Reliability 
Availability Maintainability and Safety (RAMS), Safety Management Systems (SMS), Reduced 
mobility users, Resilience of tunnels, Sustainable operation, Training of users.  
 
In order to structure this chapter, it is useful to call on the systemic approach now widely adopted within 
the road tunnel community. This approach distinguishes the four key factors in tunnel safety: the 
infrastructure, operator (including emergency and rescue services), user and vehicle. The table 1 below 
crosses the 14 challenges and 4 key factors. It shows the factor that can be considered to be dominant 
in dark grey and secondary factors in light grey.   
 
 

 Main safety factors 
Future Challenges (safety and security) Infrastr.  Operator User Vehicle 
Cyber security X x   
Digital Twins X x   
Facilitation of tunnel operations X x   
Consolidating tunnel surveillance and control x X   
Inspection Techniques x X   
Intelligent Transportation Systems x x x X 
Life cycle  X x   
New Energy Carriers x x  X 
Reliability Availability Maintainability and Safety X x   
Safety Management System x X   
Reduced Mobility Users x x X  
Increasing tunnel resilience X x x x 
Sustainable approach  X x x x 
Training of users x x X (x) 

Table 1 Relations between future challenges and the main safety factors.  
 
On the basis of these criteria, the remainder of the chapter sets out the work topics linked to future 
challenges by distinguishing those that concern the infrastructure, the operator, users and vehicles.    
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3.1 Challenges related to infrastructure 
 
• Cybersecurity 

Cybersecurity is the protection of computer systems from the theft of or damage to their hardware, 
software, or electronic data, as well as from the disruption or misdirection of the services they provide 
(Wikipedia). In the current international context of threats of malicious attacks, this notion deserves to 
be taken into consideration.  
 
As seen in the “Communication” paragraph above, tunnel management requires the implementation of 
increasingly sophisticated technical resources capable of simultaneously processing vast quantities of 
data. These resources are part of the Centralised Technical Management (CTM) system aimed at 
enabling tunnel operators to run their tunnels in a context of an increasing number of technical devices 
and ever more complex operating conditions. The CTM provides a view of indicators and commands 
electric and mechanical equipment: ventilation, lighting, dynamic signalling, electrical power, traffic 
management, firefighting water supplies, etc. 

Like any industrial installation, the CTM and IT networks associated to it are exposed to malicious 
attacks. The reasons for these attacks can vary greatly: pathological, amusement, ideological, technical, 
foreign states, etc. There can be technical or organisational vulnerabilities in the system. On a technical 
level we can mention remote IT links between the tunnel and the control centre or the constraints 
resulting from consolidating supervisory activities for several tunnels in the same control centre (scope 
of the attack and common modes). On an organisational level, it is most often the large number of 
internal and external personnel present and their lack of awareness of this subject that are the main 
source of vulnerability. 

In this sensitive context, it is important to reflect on the different stages in the life of the tunnel (upstream 
architectural planning, design, construction, operation) and the means that can enable systems to be 
protected from outside threats. Experience shows that even very basic diagnoses can help establish 
simple and pragmatic measures which can significantly increase the level of tunnel protection.   

• Digital twins 

As seen in chapter 2, real progress has been made in recent years in terms of tunnel design and training 
for all those involved in running tunnels (tunnel operators, maintenance services, safety officers, service 
providers, emergency and rescue services, etc.). 
 
Further progress is still possible by better accompanying these actions to help all the players involved 
take safety principles fully on board and adopt the right reflexes for their own specific interventions. 
The “Digital tunnel twin” approach in particular comes to mind. This approach has been investigated 
by COB (see COB website extract below): 

• Digital verification and validation: Facilitate a step-by-step approach to virtual testing, for 
example by formulating unambiguous expectations and definitions and by starting a dialogue 
and building trust with important stakeholders. 
Opening tunnels without problems: Increase the probability of problem-free opening of both 
new tunnels and refurbished tunnels by disseminating knowledge on how to make the best use 
of (sufficiently mature) digital and virtual tools. 
These two items can help improve the design and commissioning of systems. 
 

• Virtual education, training and practice: Further the development of virtual education, 
training and practice based on the experience, opinions and ideas of stakeholders and help 
stakeholders to formulate their vision and make strategic choices. These tools complement 
widely used conventional tools (technical inspections, training courses, in-tunnel safety drills, 
etc.) and can be an invaluable aid in training the stakeholders concerned. 
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• From paper-based to fully digital: Investigate how tunnel managers can benefit from the 
digital tunnel twin. What preconditions allow tunnel managers to use the digital output 
produced by builders during tunnel refurbishment/construction?  
 

This latter subject can be seen in the context of the “Building Information Modelling” (BIM) 
approach. This approach is an intelligent 3D model-based process that gives architecture, engineering, 
and construction professionals the insight and tools to more efficiently plan, design, construct, and 
manage buildings and infrastructure. This process is as yet not very present in the tunnels and 
underground structures sector but it does offer interesting perspectives to optimise working and data 
archiving methods at the different stages in the life cycle of the structure: upstream architectural 
planning, design, contract awarding phase, construction work (including work acceptance), 
commissioning and operation, maintenance and decommissioning. 

 
• Facilitation of tunnel operations 

This item must be linked to the “RAMS” subject detailed previously. Refurbishment work on tunnels 
in France since the turn of the century has often led to highly-sophisticated systems being designed, that 
are very demanding in operating terms. From the point of view of technical functionalities, these 
structures do of course offer all the guarantees needed, but experience shows that safety objectives are 
only achieved at the cost of a highly-stringent system development and operating organisation. 
Maintaining this high level of requirement throughout the entire life cycle of the tunnel can at times be 
an extremely challenging constraint (system inspections, tracking, upkeep and maintenance, operating 
costs, staff training and qualification, etc.).     
 
Whenever possible, we must ask if simple systems can be designed that are robust in operating terms 
and that facilitate the operator's interventions both in day-to-day operations and in emergency situations.   
 
• Life cyle 

This challenge is discussed in the PIARC technical report “Best practices for life cycle analysis for 
tunnel equipment” [15]. It shows the importance of life cycle or life cycle cost aspects in designing for 
safe tunnel operation. From an economical point of view, it is necessary to consider life cycle aspects 
in designing for safe tunnel operation. The text below summarises the main recommendations provided 
in this document. 

The report highlights that life cycle analysis within the meaning of condition analysis has to be 
performed systematically. The analysis should be based on a set of criteria, which can be aggregated in 
order to provide an overall “picture” of the tunnel equipment status. Risk-based methods are 
recommended when aggregating different criteria as shown. 

However aggregating different condition values can be problematic due to interdependencies. Criteria 
have to be checked as described in the report in order to achieve “orthogonality”. 

If inspections are performed, they must focus on all items rather than just a random sample in most 
cases. “Random sampling” is not a suitable approach if the number of items involved is small.  

   
• Reliability Availability Maintainability and Safety (RAMS) 

This topic is developed in the PIARC technical report “Introduction to the RAMS concept for road 
tunnel operations” [16]. The aim of this report is to provide an overview of the RAMS concept. It first 
explains why and when the concept should be applied within the context of road tunnel operation and 
then goes on to describe how the concept can be applied using the EN 50126 standard as a basis. The 
text below summarises the main content of the document. 
 
Road tunnel operators are increasingly aiming to adopt a sustainable approach to road tunnel operation 
whenever possible. They are thus starting to look into ways of optimising the lifecycle performance of 
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systems and equipment, whilst at the same time guaranteeing the required level of safety. One possible 
means of achieving this is based on monitoring the Reliability, Availability, Maintainability and Safety 
(RAMS) of systems/equipment, based on pre-defined requirements (these aspects are outlined in [16]).  
 
It can be argued that the RAMS methodology is directly linked to all three pillars of sustainable tunnel 
operation (economic, social and environmental). By guaranteeing the reliability and availability of 
individual tunnel systems/items of equipment, particularly when they are of a critical nature in terms of 
safety, the tunnel as a whole can remain open to users. For all tunnels, whether in an urban or non-urban 
environment, the societal and economic impacts of a tunnel closure, even for a short period, are evident. 
 
System maintainability contributes greatly to their lifecycle performance, reducing not only renewal 
costs but the environmental impact that such equipment renewal can have.  
 
The RAMS methodology has been extensively used in many industries. In the transport sector, it was 
first used in the railway industry, where a RAMS standard (EN 50126) was developed. This standard 
can be adapted to road transport, including road tunnels (see PIARC technical report 2019 - figure 9), 
and is thus gaining increasing interest from both private and public road tunnel operators.                                                                                                        
 

 

 
Figure 9 PIARC technical report “RAMS” 
 
• Increasing tunnel resilience   

This will be a priority topic for PIARC during the 2020-2023 cycle. This is also a topic currently being 
discussed within the Work Stream Tunnel Safety group. The text below details the approach suggested 
by this group of experts.  
 
When adapted to the operation of road tunnels, “resilience” could be defined as: 

1. The extent to which the tunnel can stay open to traffic (on a safe enough level) in case of 
disruptions to the normal situation (failure of safety measures or traffic incidents in the tunnel 
or in its direct vicinity). 

2. The extent to which the tunnel can cope with extra traffic as a result of disruptions elsewhere 
to the road network. 

3. The extent to which the tunnel can handle traffic developments in the future (foreseen traffic 
increases) without taking drastic measures. 

 
Road tunnels are becoming increasingly complex infrastructures, the daily operation of which is directly 
conditioned by traffic conditions and the availability of infrastructure, equipment, staff and procedures 
to deal with incidents.  
 
These aspects all refer to the notion of tunnel resilience. They correspond to the means of action that 
the operator has in the daily management of the structure: 
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- reliability and redundancy of infrastructure, equipment and operational staff, 

- reliability and effectiveness of procedures to deal with various incidents, including emergency 
response. 

 
When dealing with these aspects we will have to keep in mind their links with traffic conditions which 
are also directly inherent to the tunnel system. The resilience of the tunnel is also directly conditioned 
by organisational aspects, i.e. the operator's internal organisation as well as smooth coordination with 
emergency response services. They are set out in the Emergency Response Plan which in particular 
includes Minimum Operating Requirements. 
 
Finally, it should be considered that tunnel resilience is a “dynamic” element. It must also adapt to long- 
term traffic developments (without having to take drastic and immediate measures), in particular 
increases in traffic due to new developments in the transport network. 
 
• Adopting a sustainable approach  

This topic is a priority in CETU’s current research programme. It appears that the current context of 
stringent financial constraints for project owners is not going to change any time soon. This situation 
makes it difficult at times to ensure environmental and sustainable development issues are materially 
taken into account when developing infrastructure projects (tunnels or others). However, reflections on 
the energy transition, the issues raised by future projects and society's expectations in terms of air 
quality and health impacts, all show the need to pursue the actions in progress. This research field 
explored by CETU thus includes two subjects of particular concern: 

- the assessment of impacts during the tunnel's operating phase, 
- recycling of materials excavated during tunnelling work.  

 
Sustainability has also been discussed in the PIARC technical report published in 2017 “road tunnel 
operations: first steps towards a sustainable approach” [17]. This report highlights that the extent to 
which sustainability is taken into account in infrastructure projects currently varies greatly from one 
country to another. Certain countries have laid down regulations; a few have set objectives to be 
achieved, while others have no regulations at all. So far the World Road Association has not issued any 
recommendations for road tunnels which reflect the current “state of the art” in various countries. This 
PIARC report has therefore been produced as an initial means of making up for this shortfall.    
 
3.2 Operating challenges 
• Consolidating tunnel surveillance and control 

As underlined in previous chapters, operating a tunnel requires significant input in terms of technical 
equipment and human resources. Therefore, decision-makers seek to streamline use of these resources 
by consolidating them. For tunnels in which a high level of surveillance is required, consolidating tunnel 
surveillance & control can be organised in different ways: centralising traffic control in regional or 
national control centres, grouping tunnel surveillance and tunnel technical management or consolidating 
traffic and tunnel surveillance (see example figure 10). 

This topic is currently being discussed by the Work Stream Tunnel Safety group. One of the thornier 
issues to be dealt with in this area concerns “acceptable” limits when consolidating control centres: 
what is the maximum number of tunnels that can be monitored from the same site? What are the 
implications on how tunnel operation is organised? How should this control centre be designed?     
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Figure 10 Control room, which manages 8 tunnels – DIRCE – France 
 
• Technical inspections 

As seen previously, technical systems installed in tunnels are becoming increasingly sophisticated. The 
demands placed on these systems in terms of life span and operating safety (see the “RAMS” and “life 
cycle” approaches discussed elsewhere) require a stringent and highly professional approach when 
monitoring and inspecting these systems. The future development of new inspection techniques can be 
imagined (drones for example) to facilitate the work of those professionals concerned. The goal would 
be to improve the reliability of these interventions and implement them in a more systematic manner 
(by focusing less on sampling-based approaches which are not suited to some devices that are not 
present in large quantities in tunnels).       
  
Looking forward, we can also consider “futuristic” tunnels in which some equipment items “auto-
monitor” and “auto-heal” (i.e. they are capable of detecting potential abnormalities or malfunctions and 
can remedy them). 
  
• Safety Management Systems 

Today, operators are faced with a new challenge in terms of “tunnel operation professionalisation” and 
how to apply an on-going safety improvement approach based on operating feedback. To address this 
challenge, since 2017 a new structured approach has been developed by operators of French State-
owned tunnels, with the assistance of the CETU’s Operation and Safety Departments. This 
collaboration has led to the development of Safety Management Systems (SMS) to ensure safe operation 
of over 40 tunnels on the State-managed road network. 
 
This approach is introduced in the article “Building Safety Management Systems dedicated to safe road 
tunnel operation” [18] published by Hélène Mongeot and Marc Tesson in the context of this symposium. 
 
A few months after initial implementation, the approach is now perceived as a real positive input to the 
initiatives undertaken on the continuous improvement of tunnel safety. Among other elements, through 
risk analysis, SMS offers the opportunity to revive issues sometimes neglected. It enables safety issues 
to continue to receive attention between the 6-year operating permit renewal periods (required under 
French regulations). It implies re-specifying and/or clarifying how the roles and responsibilities of all 
actors involved in operating a tunnel are defined. It encourages discussions and cooperation between 
different services. 
    
 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

33



3.3 Challenges related to tunnel users 
• Reduced mobility users 

A PIARC technical report to be published very shortly will set out the general principles that apply 
when providing access for persons with reduced mobility. Ways to make it easier for them to raise the 
alarm and to evacuate the tunnel in critical situations are examined. Facilities and examples from 12 
countries are provided. The report is aimed at tunnel owners, designers and safety officers working on 
new or refurbished road tunnel projects as well as tunnel operating bodies and emergency services. 
 
This report notably presents the general principles relating to the accessibility of safety-related facilities 
in road tunnels for persons with reduced mobility. The number of persons with reduced mobility is set 
to rise mainly due to an ageing population and an increase in chronic health conditions such as diabetes, 
obesity and cardiovascular disease. The issue of accessibility can prove highly complex in such an 
environment as a road tunnel. Access to safety facilities and a safe place during an incident requiring 
self-evacuation is of particular concern (see example of vertical hand rail on emergency door - figure 
10). Although road tunnel designers in certain countries have begun to address the unique needs of this 
group of road tunnel users, there is substantial progress to be made before full accessibility becomes 
the norm. 
 
This important issue is taken into account in French regulations. CETU  has been working on this 
subject for a long time and was an active contributor to the PIARC report. 
 

 
 
 

 
 
 

Figure 11 Reduced mobility users (drill in Frejus tunnel – France Italy) 
 
• User training (and information)  

Large-scale efforts have been made by the professional community to improve information and training 
systems for tunnel users. In France, these actions have been developed mostly through “traditional” 
channels: management training booklets, initial and continuous training initiatives, distribution of 
information brochures at tunnel entrances, online videos, etc. 
 
The development of new means of communication (social networks, news channels, motion design, 
etc.) offers opportunities to further progress in this area. For example, mention can be made to the three 
video clips placed on CETU’s website in 2018, focusing on the right attitudes to adopt when in a tunnel 
(during normal operation, an accident and fire). These media, in “motion design” format, have been 
developed with the help of communication experts and provide a clear and concise learning experience, 
delivering targeted messages.      
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3.4 Challenges related to vehicles 
• Intelligent Transportation Systems 

The main operating and safety challenges regarding road tunnels are ensuring the safety of users, 
smooth traffic flows and correct user behaviour, in particular in case of an event requiring self-
evacuation by users. This requires a global and systemic approach, taking account of the infrastructure, 
vehicle, user and operator.  
 
Some ITS systems have now been widely deployed in road tunnels and operators in charge of 
supervising a tunnel are totally at ease with them. Tunnels are particularly well suited to ITS 
development given their well-controlled geometric configuration. The deployment of Intelligent 
Transportation Systems offers new perspectives for improving information exchanges between the 4 
safety factors mentioned above (infrastructure, vehicle, user, operator).  
 
In this context, the goals in deploying ITS in road tunnels are to: 
- ensure service continuity when approaching and travelling through tunnels (radio transmission for 

example), 
- identify existing features that can be reinforced and new features provided by these systems that 

could further improve user safety (automatic incident detection or lane departure warning systems 
for example). 

 
The reflections initiated in this area offer the perspective of a highly rapid deployment of these systems. 
For the time being, France and most other countries in the world have not as yet gone beyond closely 
supervised experimental phases. Indeed there are numerous regulatory constraints to be overcome and 
this gives the tunnel community time to engage in discussions with specialists in the field on how to 
perfect these technologies over the coming years.  
   
• New energy carriers 

The 21st century will certainly be a century of vehicle transformation: a transformation in vehicle 
propulsion with an increase in the number of vehicles powered by alternative energies (electricity, fuel 
cells), and a transformation in how they are driven, with the development and arrival on the market of 
vehicles equipped with drive-assistance systems that can go as far as driverless vehicles. 
 
In terms of risk, it will first be necessary to assess the consequences of these transformations on 
currently used schemas and models. Regarding the fire risk, studies carried out up to now have found 
that the on-board energy reserves for the new engine types (batteries, hydrogen, natural gas) do not 
fundamentally modify the source term. The main sources of heat and fume generation remain synthetic 
materials used in joints, linings and coatings, seats, tyres and above all loading of heavy goods vehicles. 
 
Thus, the source terms would not be modified, and current regulatory provisions on smoke extraction 
(choice of ventilation system and scaling) as well as self-evacuation of the public would not be changed 
as a result. 
 
Alternative energy sources could however incur specific risks such as spontaneous combustion, jet fire, 
explosions or the release of toxic gases. This for example is the case when an alternatively powered 
vehicle is not the cause of a fire but is in the vicinity of this fire, thus becoming a second source of 
danger as the fire caused by the first source spreads causing significant increases in the temperature. In 
addition to the consequences to users and since this process could take a certain amount of time, 
emergency services could be victims of such incidents. It is therefore important that they be informed 
so they can adapt their intervention accordingly and ensure their safety. 
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The now intelligent vehicles of the 21st century will no doubt have a role to play in this area. Despite 
all this, work still remains to be done on risks in tunnels from new energy carriers.  
 
This topic is also discussed in [19]. 
 
 
4 CONCLUSION 
 
As indicated in chapter 3 above, the “Future Challenges for road tunnel safety and security” are varied 
and require top-level expertise. These topics were discussed in part in the international conference[20]. 
Two emblematic topics were also the subject of publications by PIARC’s road tunnels committee at the 
World Road Congress (October 2019): ITS [21] and NEC [22].  The professional tunnel community as 
a whole still has huge challenges over the coming years.  
 
The organisations mentioned in chapter 1 of this article (CETU, COB, GTFE, ITA-COSUF, PIARC, 
the Work-Stream Tunnel Safety) will clearly have a leading role to play in these future reflections and 
CETU intends to contribute actively to them. 
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Innovation and new technologies as tactic resources during 
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ABSTRACT 

Performing a fire and rescue operation in a tunnel or an underground construction represents a 

challenging task in a complex environment. This paper discusses these challenges from a technology 

support perspective. The possibilities – and challenges – with new emerging technology is highlighted 

and discussed. This paper is highlighting the challenges with fire and rescue services moving speed in 

smoke-filled tunnel environments, with or without the support of new technology as well as how new 

technologies affect the fire and rescue operation at large. The technology discussed is mainly 

represented by wearable technology that can be used during a fire and rescue operation in order to 

increase the moving speed of the BA firefighters, to make the fire and rescue operation safer or 

technology that supports the task by making the fire and rescue operation more effective. The 

comparisons regarding the moving speed of the BA firefighters are made based on earlier performed 

tests both with real fires and tests where the visibility is obstructed by cold smoke. Finally, the paper 

discusses how these new emerging technologies can support the Incident Commander regarding 

decision making and surveillance. The paper also highlights the challenges with implementation of 

such technology and a brief overview of the need of emerging technologies. 

KEYWORDS: tunnel, fire, fire and rescue operation, wearable technology, emerging technology, 

innovation 

INTRODUCTION 

The latest decades have resulted in more tunnels and more underground constructions in order to make 

urban development possible. The reasons to build underground constructions can vary but are many 

times connected with the need to shorten distances and free land for other purposes. This urban 

development is prerequisite for growth, but also create new challenges for the fire and rescue services. 

More and larger underground constructions and longer tunnels do not necessarily represent higher 

risks from a societal perspective, but will create a need for developed contingencies planning and 

sometimes new ways to solve new challenges.  

Underground constructions can be represented by many different applications, road tunnels, rail 

tunnels, underground garages, mining environments, distribution tunnels for electricity, sewage or 

communication, but also by command and control centres, military constructions or power plants. The 

possibilities to perform a fire and rescue operation in case of a fire depends on the type of construction 

as well as the fire and rescue resources. At some sites an internal fire and rescue resource can quickly 

make a first response, while at other the time to reach the scene of the fire can be long and the way 

there complex. Occurred fires show that the outcome of the fire depends on previous contingences 

planning, the type of incident occurred as well as the fire and rescue resources available [1-4].  
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THE CHALLENGES 

 

Fire and rescue operations in a smoke-filled tunnel environment are always a challenge for the  

BA-firefighters, the BA-Commander and the Incident Commander as well as for all other persons and 

organisations involved in the task. The initial phases of fire and rescue operation in a tunnel or 

underground construction is very often represented by lack of information, lack of resources and 

difficult decision making in order to meet feared or possible challenges [5-7].  

 

One of the greater differences between a fire in a building and a fire in an underground construction is 

the possibilities for the distribution of smoke. In a building, after the flash over, the smoke is 

ventilated by windows to the open air, whereas in a tunnel the smoke is confined and can sometimes 

be ventilated by the tunnel openings only. It is therefore difficult for the Incident Commander to 

initially get information regarding the location of the fire, the size of the fire or how many persons that 

are in need of assistance. If information in the initial call is given regarding smoke development from 

a tunnel opening the first response not unlikely is drawn to that location. In tunnel fires the most 

difficult direction to perform BA-activities from is from the down-stream direction of the fire, as the 

first responder movement then must be performed in a smoke-filled environment. If possible, a fire 

and rescue operation should be performed from the up-stream direction of the fire, but with the fact in 

mind that re-direction of smoke can occur [8].  

 

Tunnels and underground constructions can also represent complex environments with long or very 

long attack routes. In an ordinary building fire, the access to attack routes usually are well supported 

by the availability of evacuation routes, where in a tunnel the access routes often are very limited 

resulting also in long attack routes. In tunnels with natural or longitudinal ventilation the attack routes 

– as well as the evacuation routes – is coinciding with the location of the smoke movement from the 

scene of the fire to the tunnel opening. This means that, even if the fire is attacked from the up-stream 

direction of the fire, the down-stream environment needs to be searched for evacuees in need of 

assistance. In tunnels under construction and in mines, dead tunnel ends can cause that the full BA-

operation needs to be performed in a smoke. 

 

The moving speed of the fire and rescue operation is generally low in smoke-filled environments. The 

risks are higher and the resources are used in a non-effective way compared to if the fire and rescue 

operation can be performed from the upstream direction of the fire. In non-urban areas the tunnel 

openings can be located far away from each other and easy access to one or both tunnel openings can 

be limited. This means that the time to reorganise the fire and rescue operation from one tunnel 

opening to the other can take considerable time, especially in non-urban areas where the fire and 

rescue service resources are limited and the first response is made by only one task force. In urban 

areas one challenge with the same origin is that the movement from one tunnel opening to the other 

can include movement in dense traffic. In urban areas the fire and rescue resources usually though are 

better equipped and the numerical resources higher [9].  

 

One important safety factor when performing a fire and rescue operation in a tunnel is to take the risk 

for redirection of the smoke into consideration. At the early stages of the fire it can be uncertain if the 

direction of the smoke and further the tunnel opening the initial smoke can be seen can depend on 

either on the buoyancy from the thermal differences in combination to the inclination of the tunnel or 

the outside wind pressure on the tunnel opening. While the thermal differences between the smoke and 

the surrounding air and further the buoyancy is low, even relatively low wind speeds can create 

enough pressure on the tunnel opening so the direction of the smoke can go from the higher located  

tunnel portal to the lower. When the heat release rate of the fire grows, and the thermal buoyancy 

increases, the thermal force over-wins the wind pressure and there is risk for redirection of the smoke. 

In the case the fire and rescue operation is performed from the upstream the side of the fire, the 

redirection of smoke quickly can alter the prerequisites for the BA-firefighters as the environment 

changes from smoke free to smoke-filled [8]. 
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One prerequisite, and in many national regulations a demand, to perform a safe BA-operation in a 

smoke-filled environment is secured radio communication. In underground constructions, especially if 

the hard rock is slightly magnetic, the possibilities for communication can be lost as soon as after less 

than 100 meters, depending on the geometry of the construction or tunnel. In many road and rail 

tunnels the problem is solved by installing leaking cables that ensures radio communication along the 

full tunnel length, while there in less used tunnels, for example in distribution tunnels or tunnels under 

construction the problem needs to be solved by repeaters placed by the BA-firefighters during the fire 

and rescue operation.  

 

The rock environment does also represent other risks, compared to the enclosure fire above ground. In 

ordinary buildings the tests and certification of the used building construction parts are tested 

according to the standardized fire ISO834 [10], which relatively well correlates to the expected fire 

situations. In tunnels other more representative design fire curves are used, for example the HC-curve 

[11], but more common for ventilation design, evacuation or tunnel linings, than for the un-treated 

rock itself. Untreated rock can be seen in low traffic road tunnels, metro or train tunnels, in tunnels 

under construction, in phases before the concrete lining has been mounted or in hard-rock mines. To 

secure the tunnel from fall-out of blocks due to internal tensions from normal movements or thermal 

differences the tunnel roof is bolted. The bolts are not mounted to fasten the blocks, but to eliminate or 

distribute the internal tensions in the rock. In case of fire the thermal differences between the tunnel 

geometry and the colder rock, fire induced spalling of rock can occur and put the first responders at 

risk. The temperatures needed to create risk of rock spalling differ between different types of rock and 

are highly dependent of the local internal tensions and can therefore be almost impossible to predict 

precisely. Using IR-imaging can identify zones where the temperatures are high enough to create un-

secure environments for the firefighters, or where spalling are occurring, but few field-guides 

regarding risk temperatures or image interpretation can be found in literature [12]. 

 

Nowadays IR-imaging is in common use during BA-operations, but the interpretation of the IR-images 

of tunnel or underground environments substantially differs from the room fire situation. In a room 

fire the thermal differences are large and in colder, but smoke filled, building environments electric 

wiring, lamps, pipes and heating usually gives enough heat signatures to sufficiently navigate with the 

aid of the thermal camera images. In tunnels the thermal differences far away from the fire are very 

low, due to the cooling effect on the smoke from the surrounding rock. In opposite – close to the scene 

of the fire – the combination of the geometry of a narrow tunnel and the fire, blocks out the vision 

beyond the burning object. The IR-images are very helpful to predict emerging risks like back-layering 

or falling rocks, but as the common firefighter seldom or never is exposed to real-time field 

experiences, the ability to interpret the information is generally low [12, 13]. 

 

The last challenge enlightened in this paper is the interaction between the Incident Commander, and 

the tunnel organizations. Both in road and in rail tunnels the tunnel owner do not need to by itself 

operate the traffic or manage support functions like security or maintenance. In practice this means 

that the command and control centre for the accident can need to communicate with several 

organizations in order to get full access to information or to execute important tasks to assist the first 

responders, to milder the consequences or to perform tasks that prevent further damages. This 

challenge can though be rectified by well-organized contingency planning and on beforehand 

designated liaison officers [14]. 

 

GIVEN THE CHALLENGES – TO MOVE IN SMOKE-FILLED TUNNEL ENVIRONMENTS 

 

Taking the described challenges into account, it is a complex task to command and control a fire and 

rescue BA-operation inside an underground construction or a tunnel. The lack of information, and the 

need of building up a hose system to enable the fire extinguishing, makes the front moving speed of 

the total fire and rescue operation slow. In mines and tunnels, where the attack route can be very long, 

the time to advance to the scene or the fire – or to persons in need of assistance from rescue chambers 

or the actual tunnel – can be very long. In practice this means that the response time in worst case can 
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be counted in hours and not minutes. Performed tests shows that the front moving speed with parallel 

build-up of the secured water hose system in most cases is less than 0.5 m/s [15]. The Swedish 

working environment legislation requires access to water, not only for the purpose to extinguish the 

fire, but also to secure the BA-firefighters retreat route [16].  

 

In buildings, the build-up of a secured water supply is necessary as combustible linings and 

surrounding building material easily can represent a risk for fire spread and flash-over situations. In 

tunnels the conditions differ, and the linings and surface layers are almost always hard-rock or 

concrete and therefore incombustible. Based on the findings and results of the latest decades’ Swedish 

national research projects [13, 17, 18], the Skellefteå Fire Brigade applied for an exemption from the 

national working legislation regarding the requirement to advance in the tunnel parallel to the build-up 

of a secured water supply [19]. The Swedish Work Environment Authority replied that exemptions 

could not be given, but that the secured water supply is only required close to the fire or if there is a 

risk that the fire spreads and endangers a safe retreat [20]. The earlier research projects clearly showed 

that the colder rock or concrete surroundings effectively cooled the smoke and that in combination 

with the incombustible surface materials the risk for fire spread and flashover-like conditions is 

negligible further away from the fire [13, 17, 18]. The Swedish Work Environment Authority also 

clearly stated that the equipment, such as thermal image cameras, was important tools in assessing 

when secured water supply was a prerequisite for a safe fire and rescue operation. The main reason to 

advance into the tunnel without parallel built-up of the hose system is to faster reach persons in need 

of assistance trapped in or affected by smoke further away from the fire or to scout the surroundings in 

order to more effectively plan the following fire and rescue activities. The Skellefteå Fire Brigade has 

after the statement from the Swedish Work Environment Authority performed advances routines, 

planning and exercises for moving without secured water supply in smoke-filled mining environments. 

The fire brigade also has a constant on-going external monitoring of new emerging technologies to 

monitor and support a safe and effective fire and rescue operation underground. 

 

WEARABLE TECHNOLOGY 

 

Wearable technology is body-worn electronics used to support a fire and rescue operation or for 

surveillance in order to secure safe conditions. The wearable technology can be used to collect 

information from the surroundings in order to warn for risks or dangerous situations, to send 

information from the scene of the fire to the command and control centre or can be used in order to 

collect information regarding the BA-firefighters physical conditions, for example by using wearable 

respiratory or cardio sensors, or the status of supporting equipment, for example the air supply during 

BA-operations [21]. 

 

The wearable technology can be installed in close-body underwear or in the protective clothing. The 

wearable technology can also be mounted on top of the protective clothing if it is produced to 

withstand the BA-operation environment. One of the largest challenges is the possibilities for 

connectivity, i.e. to transport the information from the firefighter or the scene of the fire to personnel 

outside the tunnel or at the command and control centre [21, 22]. Some of the technology needs 

infrastructure already installed in the tunnel or underground construction and some technologies are 

possible to use with “breadcrumb” technology where the BA-firefighters drop communication points 

on their way in from the tunnel opening to the scene of the fire. The “breadcrumb” technology can also 

be used for redundancy if the pre-installed communication technology in the tunnel fails to function 

due to the fire or to other technical failures [21, 22]. 

 

Research regarding wearable technology has been initiated in many countries in order to support fire 

and rescue operations and to make them safer and more effective. One of the largest initiatives 

regarding wearable technology is the EMERGE Accelerator Program for Wearable Technology for 

First Responders funded by DHS – the Department for Homeland Security’s Directorate for Science 

and Technology in the US [23]. A nationwide call for applicants during 2014 resulted in a selection of 

around twenty start-ups with promising technology concepts or prototypes. With support from the 
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EMERGE Accelerator program the products are launched or close to market and the second round of 

the program is upcoming. [23].  

 

Wearable technology is widely used in different fields, all from every-day exercise activities to health 

care and military purposes. The first responder market is though relatively small and field specific 

development not always interesting for the market. The challenge here is to find products already close 

to market or commercially used in nearby – or totally different – fields that can support a fire and 

rescue operation. Initiatives like the EMERGE-program or for example the Swedish national 

innovation agency’s challenge-driven innovation program [24], can be of great help to provide the fire 

and rescue services with sufficient technology for the future. 

 

PRE-INSTALLED COMMUNICATION AND CONNECTIVITY INFRASTRUCTURE 

 

Wearable technology used in the purpose to locally warn or guide the individual BA-firefighter is 

relatively easy to apply and does not need any surrounding infrastructure. Such technology can be very 

valuable from an individual safety and effectiveness perspective but does add less value to the Incident 

Commanders overview and information-based support for decisions. During severe or time-wise long 

events the Incident Commander need to take both direct operational and strategic decisions. Both 

categories are dependent on the information regarding the actual fire accident, the progress of the fire 

and rescue operation as well as the status and safety of the personnel.  

 

One of the larger initial challenges at tunnel or other underground fires is the lack of accurate 

information early in the event, and later the information the Incident Commander receives usually has 

passed multiple hierarchic levels. Previous studies have shown that the situation awareness level – 

regarding the current status of the fire and rescue operation – can differ considerably between the 

firefighter close to the scene of the fire and the command and control centre. The need of direct and 

accurate information transfer from the scene of the fire to outside the tunnel or underground 

construction is therefore great. A challenge with increasing possibilities to transfer information is to 

effectively handle the possible amount of information points and to separate the most important 

information from the total amount of received information [21]. 

 

To transfer the collected information, regardless of if it is information about the status of the fire or the 

personnel, pre-installed infrastructure is required unless the information transfer is made by 

“breadcrumb” technology, where the BA-firefighters on their way to the scene of the fire drop 

communication points for the purpose. Pre-installed technology usually has higher capacity and 

bandwidth than ad-hoc solutions used only during the fire and rescue operation. Ad-hoc 

“breadcrumb”-systems can though be very useful in the cases where no pre-installed system is 

available or for redundancy if the pre-installed system fails to function, which happened for example 

in the Kristineberg mine fire in 2013, where the fire caused damages of the cables and interruption of 

the communication [25]. 

 

Especially in mining environments, where the development towards remote-controlled and 

autonomous solutions emerges fast, the conditions for digital infrastructure to support communication 

and connectivity is constantly developing. Systems for positioning are installed in most Swedish mines 

[26] and the systems can also be used in case of emergencies to identify where personnel are located in 

case of fire. The positioning system uses the mining WiFi or 4G/5G-network. The current positioning 

systems used have a resolution for identifying the personnel’s location in the mines on about +/- 10 

metres. The reason for not achieving a higher resolution is mainly for financial reasons, not technical, 

as higher solutions are equal to more expensive access points and infrastructure. This resolution is 

good enough if the aim is to locate personnel in order to direct a rescue operation to the correct tunnel 

or other underground location, but it does not give enough precision during BA-operations in smoke-

filled environments. For surveillance, the systems are far better than no positioning at all and will give 

a new dimension of safety positioning in case of incidents during the BA-operation. For the minute-

operational teamwork between the two members in a BA-team – if the team member positioning for 
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example is visualized in the BA-vizir – the resolution is too low as there is need of a resolution <1 

meter or less [21, 22].  

 

Ad-hoc complementary systems to support existing systems can also create needed redundancy but 

can be ungainly to carry in numbers during long distances. Another challenge with ad-hoc systems can 

be the possible amount of bandwidth in relation to size and battery capacity. In order to fully take 

advantage of the possibilities with connectivity – the possibility not only of radio communication but 

also information transfer with images and live video – the bandwidth is a limiting factor [21, 22]. 

 

REMOTE-CONTROLLED FIREFIGHTING 

 

In some cases, or in situations where the fire and rescue operation does not have a life-saving purpose 

but is needed to save economic or other values, the risk for the BA-firefighters is not in proportion to 

the possible profit or outcome of the operation. One option in these cases is to await better conditions, 

but that will of course cause larger damages, possible longer stand-stills and increased fire related 

costs. In the mining industry the overall goal is to operate the mines autonomously within the nearest 

two decades which also puts manned BA-fire and rescue operations as an important question to 

discuss.  

 

World-wide, the possibilities to remotely steer equipment, robots and vehicles have created a high-

tech possibility to implement the technology in the firefighting field. The requirements during a fire 

and rescue operation in case of a severe underground fire can be divided into three main groups; 

 

1. To “scout” the environment from the tunnel opening to the scene of the fire in order to detect 

risks, possibilities and persons in need of assistance.  

2. To use remote-controlled vehicles to evacuate persons to a safe environment. 

3. To extinguish the fire in order to save lives and economic values. 

 

If the “scout-robot” is equipped with sensors and possibilities for imaging, valuable information 

regarding the fire development and the environment prior a manned BA-operation or a remote-

controlled operation can be sent to the Command and Control Centre for evaluation. Many robots for 

this mission have recently reached the market or are under development at higher TRL-levels. One of 

the largest challenges with remote-control during fire and rescue operations in underground 

constructions are the same as the challenges regarding radio communication during manned BA-

operations. In hard rock mines and hard rock tunnels the ore can be slightly magnetic and make 

infrastructure-free communication over distances impossible. Some of the existing fire and rescue 

robots are therefore equipped with communication via an attached cable. This is a limitation in events 

with long attack routes and can also limit the robot’s possibilities to manoeuvre around obstacles or 

around sharp bends and corners. 

 

Another challenge for all remote-controlled robots and vehicles is the possibility to navigate in dense 

smoke. Many of the technologies used for navigation support for autonomous or remote-controlled 

propulsion during normal conditions does not work at all, or does not give enough accuracy, in smoke-

filled environments. Commonly used technologies for navigation and positioning are for example 

radar (radio waves), lidar (light rays), Wi-Fi, 5G-systems or outside tunnel environments GNSS 

(global navigation systems). In domains with restricted visibility these systems in combination with 

more common fire and rescue related technologies like IR-imaging have been proven effective or 

promising [27]. 

 

To evacuate persons from an underground environment there are specially designed vehicles where 

persons, as in rescue chambers, are protected by over pressure to prevent smoke to reach the cabin. 

Vehicles with double driver’s cabins, in front and in back, can facilitate the change of direction even in 

narrow tunnels. The moving in smoke-filled environments though faces many of the same challenges 

as remote-controlled or autonomous vehicles. To solve remote-controlled firefighting in underground 
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facilities the options are fewer and the challenges larger. A relatively new challenge – that though not 

only is representative for remote-controlled extinguishing – is the fast implementation of vehicles with 

new energy carriers. Most of the fires in tunnel or mines have their origin in vehicles or machines and 

historically the vehicles have used fossil fuels [28, 29, 30]. The use of new energy carriers puts focus 

on the question of what the relevant design fire really is, what is needed to extinguish the fire and what 

the relevant risks linked to the fire and rescue operation really are [31]. 

 

DISCUSSION – EMERGING TECHNOLOGY A POSSIBILITY OR THREAT? 

 

An Incident Commander at a large fire in a complex underground environment has got many different 

parameters to take into account when trying to take control over the situation. Important factors are the 

position and magnitude of the incident, the available resources – direct and over time, the basic tactics, 

the analysis of possible fire development and risks as well as situation awareness for the incident in 

question. An Incident Commander thus has a lot of information to keep in mind and consider when 

making his or her decisions and in many cases new technology could support both decisions and make 

the risk assessment less difficult by collecting important data and present it in an easy-to-read way.  

 

The technology in the firefighting field is though in many aspects less developed than in many other 

fields due to commercial reasons. New technology is developing rapidly in all segments of society, but 

the technology development for first responders is not always keeping same pace. The firefighting task 

is in most cases a municipal or governmental concern and is financed by the taxpayers. The budget 

does not in most cases allow internal development activities and procurement is controlled by 

legislation where the best value for money not seldom only takes consideration to the lowest price as 

long as the basic requirements are fulfilled. The firefighting market is also relatively small compared 

to technology intended for the private or industrial markets. But the fast technology development, 

mainly in non-firefighting fields could – and should – also support improved safety and effectiveness 

during fire and rescue operations. Many of the innovations and the emerging technology used in other 

segments can though be adapted for use during fire and rescue operations. If technology developed for 

other purposes can be adapted to the firefighting field, the stronger markets can support innovation and 

development and the more narrow use for fire and rescue purposes only bear the cost of the adaption 

and change. 

 

Many systems used for plain civil non-accident applications, for example systems for keeping track of 

customers in an ordinary grocery shop in order to see buying patterns, could also be used for 

supporting a fire and rescue situation by for example localizing persons inside a building or in an 

underground construction. These kind of applications does also not require special equipment on an 

individual basis, but uses the persons own cell phone. The connected society at large gives many 

opportunities to use IoT and connectivity to support tracking and surveillance also for fire and rescue 

purposes, but does on the other hand also rise questions regarding personal integrity and security 

regarding the collected information. Tracking and surveillance of persons inside a building or 

underground construction is not a technical solution that directly is aimed for fire and rescue use but 

can – if used right – support the decisions taken by the Incident Commander. 

 

Many applications used for defence purposes have qualities that easily could be of use for the fire and 

rescue services. A practical example is thermal (IR) imaging that early was developed for military use 

but nowadays is technology used by almost all fire brigade on everyday basis. One challenge with 

military equipment is that new emerging technologies that would be of great use to the fire and rescue 

services, as long as they not are known or presented as open source information, risk to reveal military 

unknown capabilities and therefore need to be given a security protection. There are though relatively 

large numbers of equipment and systems that could be adapted to fire and rescue purposes and make 

firefighting and rescue operations both safer and more effective, but still have not reached the fire and 

rescue market. A possible reason for this could be the, compared to the military industry, relatively 

narrow market and therefore no real commercial reason to invest the money but also the plain fact that 

the “normal” fire and rescue service does not use and is not used to innovation and development.  
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The fire and rescue services have, at least in the past and by tradition, been relatively conservative 

regarding new technology and sometimes new methods. With the fast technology development and 

digitalization, the possibilities to make use of emerging technologies, originally aimed for other fields, 

within the fire and rescue services are constantly improving. Larger fire and rescue services, or 

associations of smaller fire brigades, should therefore consider employing personnel in charge of 

research and development activities where focus should be on both new technology and further 

development of used strategies, tactics and methods. 

 

Finding, adapting, and developing new technology and new methods is though not the only challenge. 

To implement new technology and new methods in operational fire fighting can be complex and of 

course also includes elements of safety – both regarding the safety and effectiveness from a 

firefighting perspective and regarding the user safety. New technology and new methods need to be 

consolidated profoundly and can many times require repetitive training to be safe in operational use.  

A challenge is also the 24-7 perspective where the cover of all hours of the day, week, month, and year 

means a constant change of personnel on a rolling schedule. New technology and new methods can 

therefore take longer time to implement as information, education and exercises need to reach and 

involve many persons before it can be used at real incidents and accidents. Implementation in real 

operation needs the whole chain of trust to be solid; from the function and safety of the product itself, 

over the correct use during the fire and rescue operation, to the interpretation at the command and 

control level.  

 

The digitalization can create many opportunities to collect and share information, to remote-control 

equipment and monitor personnel and events, but can cause challenges for personnel not used to 

digitalized surveillance and remote control. This can be a – not unlikely – delicate question to discuss 

and solve as it to some extent can be a generational issue where the younger generation, used to 

digitalized remote-controlled activities not always have the experience needed for difficult decisions in 

complex and infrequent events, while the older generation, with long experience, not always feels 

comfortable with the use and trust of new digitalized equipment and technologies. The challenge in 

this is to find ways where new emerging technologies can be implemented, trusted, and used with 

maintained utilization of the experience gained from many years of operational firefighting. 
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ABSTRACT 
 
Underground fire Safety in Germany has a long history and is considered during planning and 
construction for several decades. Triggered by the devastating fires at the beginning of the 2000s, 
extensive fire protection measures were decided for road, rail and metro tunnels. The paper gives an 
overview upon the regulations to be observed and measures to be applied to reach a reasonable level 
of fire safety in German traffic tunnels taking into account the three main transportation modes: road, 
rail and metro tunnels. 
 
KEYWORD: Underground Fire Safety, Germany, Road Fire Safety, Rail Fire Safety, Metro Fire 
Safety 
 
INTRODUCTION AND GENERAL SAFETY PHILOSOPHY 
 
Efficient rail and road connections are among the essential prerequisites for a high-performance 
modern economy. In order to overcome topographical obstacles such as mountains, deep valleys, 
rivers and lakes, they inevitably need tunnels. Thus already at the beginning of the industrial age in 
the first third of the 19th century more and more tunnels were built in connection with the increasing 
expansion of the railway networks and from the middle of the 20th century also of the road networks 
[1]. This development has not been torn down to this day [2]. 
 
In total, Germany currently has about 305 km of road tunnels, of which approx. 270 tube kilometres 
are in the course of the federal trunk roads and approx. 40 tube kilometres in the course of city, 
district and country roads. The oldest road tunnel “Schloss Rauenstein” has been built in 1630. In 
addition, another about 535 km of long-distance railway and suburban-rail tunnels are operated by 
German Rail “DB Netz AG”. The oldest commissioning has been in 1841 on the Line Cologne–
Aachen. Furthermore, 604 tube-kilometres of subway and light rail tunnels are under operation; the 
first one has been set into operation in 1902 in Berlin. Therefore, nearly up to 1,500 km of tunnels are 
existing in Germany [1]. In addition to that, a further 190 km of traffic tunnels are currently under 
construction in Germany at the beginning of 2019 and 200 km are in the planning stage [3]. They will 
be constructed in the medium term, i.e. within the next 10 to 15 (20) years, provided that financing is 
secured. 
 
The general safety philosophy for all kinds of tunnels in Germany is to implement the protection goals 
“Personal protection” and “Object protection”. It is evident, that the protection of human lifes has the 
utmost priority. Personal protection consists of “Self-rescue” during the first 15 minutes after an 
incident and “External rescue” normally starting 15 minutes after the beginning of an incident. This is 
equally valid for all types of transportation tunnels. As a secondary protection goal the object 
protection, the protection of the tunnel structure itself is applied. 
 
Although this general safety philosophy applies to all types of tunnels, its implementation varies for 
the different modes of transport: road, (far distance) railway, and (inner-urban) metro systems. 
Therefore, the details are presented in separate chapters. Some emphasis is placed on metro systems, 
as these are internationally less regulated and therefore often treated slightly differently [4]. 
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ROAD TUNNELS 
 
Fire protection in German road tunnels has been an area of attention for several decades. The first 
“Guidelines for the Equipment and Operation of Road Tunnels (RABT)” was published in 1985 and 
since that time regularly updated (e.g. in 1994, 2003). Due to the devastating fires in several Alpine 
tunnels during the change of the millennium, the European Commission issued on 29 April 2004 the 
“Directive 2004/54/EC of the European Parliament and of the Council on minimum safety 
requirements for tunnels in the Trans-European Road Network” [9]. This directive has been put into 
(German) national legislation by updating the RABT into a 2006 version [6]. In that issue, also the 
new terms “Administrative Authority”, “Tunnel Manager”, “Safety Officer” and “Inspection Entity” 
have been introduced to the RABT. 
 
After the aforementioned fires and even before the EU directive came into force Germany set up an 
immediate action programme and equipped 48 Tunnels e.g. with emergency exit signage and spent 
about 10 Million € from 2003 to 2009. In parallel, an operational retrofitting programme started in 
which about 140 tunnels were upgraded e.g. with new ventilation. In this context, additional 500 
Million € were invested between 2003 and 2015. In 2005, work began on the structural refurbishment 
of around 80 tunnels, in which, for example, new emergency exits were built. By 2018, the Federal 
Republic of Germany has spent around 1.2 Billion € on improving safety in road tunnels [7]. 
 
For several years, experts have worked on an update of the RABT, which was ready for setting into 
force in 2016. However, finally this “update” has been introduced as a new document called 
“Recommendations for the design and operation of road tunnels with a design speed of 80 km/h or 
100 km/h” (EABT-80/100) in August 2019 [7]. This means that the 2006 version of RABT is still in 
force and has to be taken into account from a legal point of view, and, of course, the 2019 version of 
EABT has also to be observed from a technical point of view. 
 
From the design perspective, both documents, the RABT 2006 and the EABT 2019, are very similar. 
They rule e.g. the following key safety equipment and features of road tunnels in Germany: tunnel 
surveillance (e.g. control centres), lighting (e.g. standard lighting, emergency lighting), ventilation 
(e.g. standard operation, operation in case of fire), traffic installations (e.g. traffic signs, traffic lights, 
permanent lights/signals, barriers), safety installations for traffic (e.g. doors, guiding systems, height 
control), communication systems (e.g. emergency phone boxes, video surveillance, tunnel radio, radio 
traffic service, PA systems/loudspeakers), fire alarm system (manual, automatic), fire extinguishers 
(e.g. manual fire extinguishers, water for firefighting), orientation lighting and escape route signage, 
drainage (e.g. slit drainage gutter, retaining basin), electricity supply (e.g. substitute power supply, 
cable laying), control systems (e.g. control and network equipment), or requirements for installations 
(material quality). 
 
The RABT, which is the legal national implementation of the EU-Directive 2004/54/EC, goes beyond 
the regulations of the Directive. It shall be observed for all new tunnels with a length of more than 
80 m; and it has to be followed also for all existing tunnels owned by the Federal Republic of 
Germany with more than 400 m length. In contrast to that, the EU-Directive has only to be applied to 
tunnels of more than 500 m length that belong to the Trans-European Road Network (TERN-tunnels). 
Another deviation from the EU-Directive is the distance between emergency exits: whereas the 
distance between two emergency exits shall not exceed 500 m in the Directive, RABT demands for 
emergency exits each 300 m. 
 
Furthermore, “Additional Technical Terms of Contract and Guidelines for Civil Engineering Works, 
Part 5, Tunnel Construction” (ZTV-ING [6]) have to be observed during the design and construction 
of road tunnels in Germany. These terms consider structural issues, which are, more or less, concrete 
related. Some topics, which are mentioned in the ZTV-ING are: Geotechnical investigations, static 
calculations of temporary and final constructions (inner shell), sealing and tunnel drainage, as well as 
– especially regarding fire safety – structural fire protection, interior equipment, rescue tunnels, and 
cross-cuts. In contrast to this, the RABT/EABT focuses on operational issues. Therefore, the time 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

50



temperature curve for dimensioning the structure can be found in (nowadays) in the ZTV-ING, and is 
thus called ZTV-ING-curve (Figure 1). In former times this curve has been included in the RABT – 
namely in the 1985 edition – and is therefore still often called RABT-curve in literature.  
 

 
Figure 1 ZTV-ING-Time-Temperature-Curve in comparison to other Time-Temperature-Curves 

used in other underground application areas. 
 
 
The most important topic regarding fire safety is the ventilation, which is handled in RABT/EABT. 
The type of ventilation (e.g. longitudinal ventilation, smoke extraction via flaps and exhaust air duct) 
depends on the length of the tunnel, on the type of traffic (oncoming or unidirectional traffic), and on 
the probability of traffic jams in a unidirectional tube. Its dimensioning is done by the amount of 
trucks passing each tube per day. The heat release varies between 30 and 100 MW and the quantity of 
smoke gas release between 80 and 200 m³/s. 
 
As a measure for object protection against fires (i.e. protection of the reinforcement against high 
temperatures), a concrete cover of at least 6 cm for vaults and suspended ceilings is foreseen in ZTV-
ING. To avoid spalling, poly propylene fibres (PP-Fibres) have to be added to the concrete mixture. 
Without further proof, 2.0 kg/m³ micro-PP fibres (dimensions: length 6 mm, diameter 0.016 to 
0.020 mm, according to DIN EN 14889-2) in the fresh concrete mix are deemed sufficient. Other 
types of fibres may be used, however, their basic effectiveness for the improvement of fire and 
spalling behaviour has to be proven by fire tests. 
 
Fixed fire fighting systems (FFFS), which work on the basis of water or foam, are recognized by 
experts as an effective measure to limit the fire development and the fire spread. They can be used to 
support the conditions for external rescue and fire fighting and are advantageous to protect the tunnel 
structure from high temperature loads. However, due to RABT/EABT, these systems are generally not 
foreseen to be used in tunnels. They are only mentioned as additional measures to the “normal” safety 
installations in long tunnels with fire loads with a minimum heat release of 100 MW and in individual 
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cases. The length of the tunnel shall be more than 3,000 m for unidirectional traffic or more than 
1,200 m for bi-directional traffic. In addition, an FFFS may only be installed if an improvement of the 
structural and operational safety systems does not bring sufficient benefit or is not economically 
feasible. In this case, the suitability of a FFFS for the specific protection goals (self-rescue, external 
rescue, building protection, availability etc.) has to be shown in a holistic assessment. 
 
 
RAIL TUNNELS 
 
In contrast to road tunnels, where fires (due to the individual vehicles) can occur at any location inside 
the tunnel, in rail tunnels the basic assumption is set that a burning train does not come to a standstill 
inside tunnel, but can leave the tunnel also in case of fire. This assumption is in line with the 
“Technical specification of interoperability relating to ‘safety in railway tunnels’ in the trans-
European conventional and high-speed rail system” (TSI-SRT [5]) which demand for a 15 minutes 
emergency running capability at 80 km/h. Therefore, a burning train can leave a 20 km long tunnel 
within that time and reach a safe area outside the tunnel. As all German rail tunnels do not exceed this 
length, this is true for all long distance rail tunnels (and not only those of the Trans-European-
Network, TEN). For Metro-tunnels, the assumption is similar: it is assumed that every metro train is 
able to reach the next station, because it is much easier to evacuate a train in a station than in a tunnel. 
To ensure this, every train is equipped which some measure to override an activated emergency brake. 
 
In addition to that, the probability of a fire in rail tunnels is much lower than in road tunnels due to 
some principle constraints in those tunnels. In road tunnels, the individual drivers can behave 
incorrect, they drive on sight, they might be willing to take higher risks, and they may underestimate 
the situation and overestimate their own capability. In addition, in road traffic the vehicles may carry 
high fire loads and lack of fire protection measures. On the other hand, in rail traffic operation is 
secured by control technology (signals/ETCS), the staff is trained, the vehicles are track guided and 
they drive with sufficient distance to each other, they carry fewer fire loads and are fire protected. 
Furthermore, passenger trains and freight trains are never in the tunnel at the same time. 
 
The general safety concept follows the objective of avoiding events with or without fire. This shall be 
done by preferably uniform measures for all objects to minimize risks through four safety levels: 
 

• Reduction of the probability of occurrence (e.g. separation of transport modes, hot axle box 
and fixed brake detection) 

• Mitigation of incident consequences (e.g. avoid stopping in tunnels, emergency brake 
override, fire extinguishers in vehicles) 

• Support of self-rescue (e.g. escape route marking, emergency lighting, safe areas after 
maximum 500 m) 

• Support of external rescue (e.g. dry fire water pipe, hose connection every 125 m, electrical 
power supply every 125 m) 

 
Rules and regulations to be applied for rail tunnels include the TSI-SRT, which principles ask for 
minimum measures for reducing tunnel-specific risks in new tunnels and upgraded tunnels and the 
German legislation “Railway construction and operating regulations” (Eisenbahn-Bau- und Betriebs-
ordnung, EBO [6]). Furthermore the “EBA directive” issued by the German Federal Railway 
Authority EBA gives hints for “Fire and civil protection requirements for the construction and 
operation of railway tunnels” [12]. This directive is from a formal point of view an EBA internal 
administrative regulation; however, it is recognised as a rule of technology that has to be followed 
when designing and building tunnels. Tunnels are classified in (short) tunnels more than 500 m, long 
tunnels from 1,000 m, and very long tunnels from 20,000 m. Topics in the directive concerns the 
design (e.g. number of tubes, building materials, general facilities) and organizational measures. 
 
New railway tunnels commissioned after 07/97 comply with the EBA directive and TSI- SRT (after 
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2008). Single tube, double track tunnels allow an access to the tunnel via the portals and via further 
off-site accesses in the form of rescue shafts or rescue tunnels (on foot or by vehicles). Long tunnels, 
i.e. more than 1,000 m, were built in the recent past as parallel double tube, single track tunnels, 
which are connected to each other by cross passages. The tubes are completely separated, i.e. that no 
smoke transmission can occur and therefore the not affected tube can be seen as a safe area in the 
event of an incident. Self and external rescue is done via the non-affected tube, which can also be 
used by road vehicles. This safety concept allows unlimited mixed operation of passenger and freight 
trains. 
 
It should be mentioned that due to the current regulations railway tunnels generally – in contrast to 
road tunnels – do not need any mechanical ventilation. The only exception might be, if a tunnel is 
directly connected to a station like it is currently under construction for the new Stuttgart main station. 
 
 
UNDERGROUND METRO SYSTEMS 
 
Fire protection requirements in underground and light rail tunnels are defined in the tram construction 
and operating regulations (BOStrab [13]). The operating facilities and vehicles are to be designed in 
such a way that the development and spread of fires can be avoided as far as possible through 
preventive measures and that in the event of a fire, the rescue of persons as well as fire fighting is 
possible. Concrete supplementary specifications for fire protection are contained in the BOStrab 
tunnel construction guidelines [14] as well as selected associated technical regulations for trams 
(TRStrab), e.g. TRStrab Fire Safety [15] and TRStrab Electrical Systems [16]. 
 
With regard to the protection goals, during the self-rescue and external rescue phase, various technical 
and structural fire protection measures are required. For example, the stations must be designed in 
such a way that during the self-rescue phase a sufficiently thick low-smoke layer is maintained above 
the floor level to allow persons to reach temporarily low-smoke areas or the open air in time. In 
addition, the rescue services must have suitable aids and boundary conditions at their disposal in order 
to be able to help quickly and efficiently in the event of an incident. 
 
Securing the escape routes 
 
Mathematical-numerical simulations are normally used nowadays, to prove that people at a station 
can leave safely and on time. Such CFD (Computational Fluid Dynamics) simulations are used to 
determine the smoke distribution time for the decisive scenario of a vehicle fire (design fire), taking 
into account the geometry of the building. The smoke distribution time is the time from the beginning 
of a fire incident until the threshold values for the low-smoke layer are undercut. This smoke 
distribution time must always be longer than the design time. The design time is the time between the 
beginning of the fire and the end of the self-rescue. It includes the lead time (remaining travel time 
and reaction time) and the self-rescue time [15]. If the design time is longer than the smoke time, it 
must be decided which structural and operational fire protection measures (e.g. smoke barriers, smoke 
extraction systems) are required to extend the smoke distribution time. Alternatively, it can be 
examined whether the initial situation can be improved in the form of additional or wider staircases, 
thereby shortening the self-rescue time (evacuation time). 
 
In the following, various structural and operational protective measures are presented as examples to 
improve the situation of persons in case of fire. 
 
Fire protection glazing 
 
In order to enable people fleeing from the fire at platform level to reach (temporarily) low-smoke 
areas as quickly as possible, it is advantageous to design the stairways leading from the platform to 
higher levels to be smoke- and, if necessary, heat-radiation-protected. One way of doing this is to 
provide – in addition to fixed smoke curtains made of reinforced concrete or drywall elements – fire 
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protection glazing, for example, which is used to enclose the staircases (Figure 2). Compared to fixed 
smoke barriers, e.g. made of reinforced concrete, these glazings have the advantage that they improve 
the personal security of the passengers (social control) due to their transparency even in normal 
operation (no fire). Compared to extendable, so-called mobile smoke curtains, they have the great 
advantage that they are permanently available and are therefore effective from the outset in the event 
of fire. However, the glazing must be cleaned regularly and can be a target of vandalism, which can 
result in increased maintenance costs and make replacement or repair necessary at short notice. 
 
Depending on the distance between the glazing and the edge of the platform – i.e. the distance 
between the burning vehicle and fleeing persons – it must be decided whether to use so called F-
glazing, which protects the area away from the fire from smoke and heat radiation. Alternatively, G-
glazing can be used, which protects against smoke but allows some of the heat radiation to pass 
through [17].  
 

 
Figure 2 Fire-resistant glazing is used to protect staircases at the stations of the North-South line 

in Cologne. 
 
 
Mobile smoke curtains 
 
From an architectural point of view, mobile smoke curtains are often favoured as smoke protection, as 
these are normally (no fire) almost invisibly housed in the ceiling construction. In the event of fire, 
these smoke curtains, controlled by the central fire alarm station, move into their intended position 
within a maximum of 60 seconds due to the force of gravity or driven by a motor, thus preventing 
smoke from flowing into higher areas (e.g. stairways). When designing the system, it should be noted 
that these mobile smoke barriers must run laterally in guide rails, depending on the installation 
location, in order to reduce the construction-related leakage areas to a necessary minimum. 
 
Since the arrangement of guide rails is not possible or desired at all points, a solution has to be found 
to keep the gap between the two abutting smoke curtains as small as possible. Here, an optimized 
arrangement of the smoke curtain boxes allows the smoke curtain cloths to be guided so close 
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together that only a small gap remained (Figure 3). In addition, a hinge newly developed for this 
application made it possible to connect adjacent ballast rails. This hinge allows a slight movement of 
the two connected smoke curtains in vertical and horizontal direction to compensate for possible 
asynchronies when extending, but prevents the smoke curtains from swinging apart. 
 

 
Figure 3 Mobile smoke curtains to protect both staircases and open distribution levels against 

smoke. 
 
 
Smoke extraction 
 
In the event of a vehicle fire in the passenger compartment, the hot combustion gases initially flow 
into the platform area only through the open vehicle doors and through the windows that fail as the 
fire progresses. With the help of the specified protective measures, it is prevented that significant 
amounts of the fire gases flow over the staircases during the self-rescue phase and thus endanger the 
passengers during their escape. 
 
In the case of large quantities of smoke, special smoke and heat extraction openings are required 
through which the fire gases can be led outside, independently of the escape route. Ideally, natural 
smoke and heat ventilation systems are used for this purpose, in which the fire gases flow upwards 
following the thermal lift. Alternatively, it is possible to extract the fire gases mechanically via smoke 
extraction ducts using smoke extraction fans (Figure 4). From a financial point of view, natural smoke 
and heat exhaust ventilation systems are to be preferred to mechanical variants, as significantly lower 
investment and maintenance costs are required.  
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Figure 4 Exhaust shaft and smoke extraction fan 
 
 
 
Wall and ceiling cladding 
 
At today's stations, reinforced concrete walls and/or ceilings are often cladded with different systems 
and materials for architectural reasons. To ensure that the wall and ceiling claddings, which are 
usually placed in front of the walls or suspended from the ceiling, do not fail in the event of fire and 
endanger fleeing persons and rescue services, special measures are taken to protect these building 
components in areas at risk of fire [18]: 
 

• The load-bearing substructure of the cladding is fastened to the shell with F30 dowels. 
• The individual components of the load-bearing construction withstand a temperature load 

according to the standard temperature time curve (ISO) in accordance with DIN 4102 [17] at 
least up to 30 minutes. The proof of suitability can be provided either by a hot design 
according to DIN EN 1993-1-2 [19] under consideration of the ISO or alternatively by fire 
tests. 

• All components consist of non-flammable material of building material class A according to 
DIN 4102 [17]. 

• The cladding elements are dimensioned from small parts (element size maximum 1.5 m × 
1.5 m) so that no large and heavy elements fall down in case of fire. 

• Expansion joints are provided between the individual elements and between them and the 
adjacent wall or ceiling to prevent possible constraints due to temperature-related expansion 
of the building elements in the event of fire. 

 
 
Detection and alarm 
 
Fire detection 
To ensure that a fire is detected as quickly as possible and the safety-relevant equipment such as 
alarms, smoke extraction and smoke barriers can be automatically activated via the central fire alarm 
station, the platform areas as well as the operating and technical rooms must be monitored with fire 
detectors throughout the entire area. Smoke aspiration systems (RAS) are particularly suitable for 
monitoring extensive platform levels, in which air is continuously aspirated via a pipe with air 
sampling openings and fed to an evaluation unit. The evaluation unit analyzes the airflow and, if 
necessary, reports the detection of smoke particles to the central fire alarm station.  
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Over the course of time, the pipes of the RAS become soiled by the dust produced during normal 
operation (e.g. abrasion of catenary, brake dust). To ensure that the performance of the RAS is not 
impaired inadmissibly as a result, easily accessible compressed air connections must be provided in 
the area of the evaluation units, with the aid of which the pipes can be regularly blown out. In 
addition, suitable filters must be installed upstream of the evaluation unit to trap dust but allow smoke 
particles to pass through. In spite of the regular maintenance work, the total maintenance expenditure 
of RAS in the platform area is rated as significantly lower compared to point detectors. This is due, 
among other things, to the fact that one evaluation unit can be reached comfortably and quickly, in 
contrast to the many individual point smoke detectors arranged in the ceiling area. 
 
The elevated distribution levels connected to the platform levels do not have to be monitored by a fire 
alarm system in coordination with the fire brigades, as the fire load in these areas is extremely low. 
 
Voice Alarm 
 
If a fire is detected in the public area of a station, a voice alarm system draws the attention of the 
persons present to the event and requests them to leave the station immediately. When planning such 
alarm systems, special attention must be paid to good speech intelligibility due to the large-volume 
building geometry, which can be achieved with special sound-absorbing materials if necessary. 
Furthermore, the acoustic influences of mechanical smoke extraction must be taken into account. 
 
Floor Guidance System 
 
Stations can also be equipped with a dynamic floor guidance system, which, depending on the 
detected fire location, gives people orientation via flashing arrows in the floor in which direction they 
can safely reach an exit. Taking into account the geometry of the stations and the location of the 
staircases, it is not advisable at every station, to dynamically switch the floor luminaires in the event 
of a fire. Linear floor guidance systems are available as an alternative to these punctiform luminaires 
(Figure 5). 
 

     
Figure 5 Dynamic floor guidance system directing fleeing people to the nearest exit 
 
Operating and Technical Rooms 
 
In coordination with the fire brigade and the control centre of the transport company, it can be agreed 
that in the event of a fire alarm in the non-public operating and technical room area, initially only 
these areas would be evacuated, but not the public station area. The fire brigade then decides on site in 
coordination with the control centre whether it is necessary to clear the public station area. This is 
particularly justified by the fact that travel operations should not be unnecessarily disturbed by fire 
and false alarms in the operating and technical room area. A rapid spread of fire from the operating 
and technical room area into the public station area is not to be feared at first, as both areas are 
separated from each other in terms of fire protection by F90 walls and T30 RS fire doors. In the event 
that fire gases nevertheless enter the public area, they are detected by the RAS and a fire alarm is 
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triggered in the public area of the station. 
 
Lifts with Evacuation Shuttle Operation  
 
In order to support persons with restricted mobility, an evacuation shuttle operation of the lifts can be 
implemented, which allows the lifts to continue to operate in the event of fire until fire gases are 
detected in the direct vicinity of the lifts by special smoke detectors (anteroom monitoring). Until 
these are triggered, the elevators will continue to be available to passengers and provide a barrier-free 
escape route to the outside. 
 
With the help of announcements and displays, people in the vicinity of the elevators are informed that 
they should preferably be used by persons with restricted mobility. The elevators then take people 
from the platform level directly to the ground surface (outside). When all persons have left the 
elevator there, it automatically returns to the platform level until one of the smoke detectors near the 
elevator is triggered. In this case, this elevator is immediately switched to fire control and then travels 
outside for the last time, where it is stopped with the doors open. Persons possibly still waiting on the 
platform level are informed by a further announcement that the elevator is no longer available [20] 
[21]. 
 
Running tunnels 
 
Due to the emergency brake override that is mandatory in all vehicles according to BOStrab [13], it 
can be assumed that the vehicles will reach the next station or the outside area even in the event of an 
incident. There, the conditions for evacuating the vehicle and possibly necessary fire fighting are 
much easier than in the running tunnel. For this reason, the scenario “evacuation of a vehicle in a 
running tunnel” usually has no effect on the safety concept. Nevertheless, in the new running tunnels, 
the following safety measures will be installed. 
 
Fire Water Supply Points 
 
Beyond the requirements of the BOStrab [13], dry or wet fire water pipes with fire water tapping 
points are available in the tunnels approximately every 50 m to 80 m. Sometimes, these firefighting 
water tapping points are additionally marked with a flashing light at the request of the fire brigade 
when firefighting water is applied in order to be able to locate the tapping points more quickly in the 
event of an incident (Figure 6). 
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Figure 6 Fire water tapping point with flashing light above the distribution box and colour coding 

in a tunnel 
 
 
Cable Troughs 
 
Various cables must be laid inside the tunnels for the individual consumers and operationally 
necessary installations. Cable troughs made of prefabricated components are often used for this 
purpose, which are largely covered with non-combustible panels to make them smoke-tight. The 
necessary cable threads are sealed with fire protection bulkheads. In addition, a bulkhead is installed 
at the transitions from the running tunnel to the adjacent stations and in the middle of the running 
tunnel to prevent a fire in the cable trough from spreading in the longitudinal direction (fuse effect). 
An other option is, to lay the cables in empty conduits embedded in concrete underneath the floor of 
the safety path and to make them accessible via almost smoke-proof cable ducts. 
 
Lighting and power supply 
 
With regard to safety lighting, a distinction needs to be made between sections with circular and 
rectangular running tunnel cross-sections. With circular cross-sections, it is possible to position the 
lighting at a height of approx. 1.1 m above the walking surface outside the safety area (Figure 7). In 
this way, the illumination of the walking area is maintained significantly longer even in the event of 
smoke. On the other hand, in the area of the rectangular tunnel cross-sections, it is necessary to install 
the lighting above the height of 2 m of the safety space to be kept clear, so that the space is not 
inadmissibly constricted by the lights. In addition to the lighting, electrical installations [16] shall be 
available for the rescue services according to TRStrab at intervals of 50 m to which electrical 
consumers can be connected (Figure 8). 
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Figure 7 Tunnel lighting in a running tunnel and rail trolley in wall bracket 
 
 

 
Figure 8 Electrant for power supply in a running tunnel 
 
Transport aid 
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To ensure rapid transport of materials and injured persons, rail trolley are kept close to the stations 
within the running tunnels (Figure 7). These are secured against unauthorized use with locking 
cylinders and have automatic parking brakes that prevent them from rolling away during operation. 
 
Escape route signage 
 
In order to enable people who have to flee via the running tunnel to find their way, photoluminescent 
escape route signs are arranged at intervals of no more than 25 m. These signs indicate the distance to 
the next safe area (e.g. station, portal or emergency exit) in both escape directions. 
 
Tunnel access signs 
 
In order for the fire brigade to be able to find a targeted attack route in the tunnel, it must know the 
location of a damaged train in the tunnel as precisely as possible. For this purpose, a linear heat 
detector system at the tunnel top can be used, which is able to determine the exact location of the fire 
using thermal sensors. However, some rail vehicles have braking resistors on the roof of the vehicle, 
which, in the event of a severe braking, emit high temperatures and could therefore lead to false 
alarms. Instead, a conventional signposting system with alphabetical designation of the individual 
sections of the tunnel has been used in the North-South line in Cologne. The control centre of the 
public transport company is able to determine the vehicle location in the running tunnel by means of 
the driver's radio message as well as the track circuit occupation and axle counters. Based on this 
information, the fire brigade is notified of the affected line tunnel section (Figure 9). The fire brigade 
can use this information for their tactical operations. 
 

 
Figure 9 Tunnel access signage for identification for the fire brigade in Cologne 
 
 
SUMMARY AND OUTLOOK 
 
Underground fire Safety in Germany has a long history and is considered during planning and 
construction for several decades. Triggered by the devastating fires at the beginning of the 2000s, 
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extensive fire protection measures were decided for road tunnels and e.g. also at an early stage of the 
planning for the two new lines in Cologne and Karlsruhe, which in some cases went beyond the state 
of the rules and regulations at the time. These measures took into account the increased public 
awareness of safety in traffic tunnels [22], which was caused by the fire accidents in the Eurotunnel 
(18 November 1996), in the Mt. Blanc Tunnel (24 March 1999) and in the Tauern Tunnel (29 May 
1999), even though these fires had not occurred in public transport tunnels. At the same time, findings 
from current research projects [23] were also taken into account. The fire protection measures 
implemented largely comply with the requirements set out in the TRStrab Brandschutz, which has 
since been published. 
 
Although that at the current time (beginning 2020) a high level of safety is already achieved, revisions 
and changes to relevant legal regulations and technical codes of practice are reviewed. Especially the 
change in the propulsion systems of road traffic towards new energy carriers (e.g. batteries, natural 
gases, hydrogen) demands for research in these areas to gain knowledge about potential new risks, 
before severe incidents might occur. In this context, research projects on “Civil Safety and Security” 
are funded by the German Ministries. One of these projects is called “SUVEREN” and deals with 
safety in underground urban transport areas in connection with the use of new energy sources.  
 
Another research project currently under way is “SIKET”, which deals with the evaluation and further 
development of safety concepts for railway tunnels. Here, especially existing regulations in the 
railway sector are reviewed and validated and available tools for planning of personal evacuations 
will be extended. Training and the procedures of persons involved in rescue operations are reviewed 
and new virtual trainings for fire brigades and emergency services will be developed, which will help 
to optimize the deployment strategy. 
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ABSTRACT 
 
The paper proposes a new best practise for smoke management as part of safety engineering in 
tunnels and underground facilities. Particular requirements on passive measures such as platform-
screen doors and anti-recirculation walls are also described. The main focus is on active smoke 
management using ventilation systems. The paper proposes that the dimensioning is to be carried out 
according to six main cases, applying a main and a minor design criterion. When only considering the 
smoke-management system and no other mitigation measures, this dimensioning corresponds to the 
minimum operation requirement. Closed-loop control of the longitudinal flow is a challenge, in 
particular due to the difficulty of obtaining adequately accurate measurements of the flow. The review 
of fire detection systems results in a proposal of properly specified linear heat detectors. In addition, 
smoke detectors using a novel data analysis technique can be beneficial. It is advocated that smoke-
management systems shall be operated fully automatic. However, manual operator intervention shall 
be possible.  
 
KEYWORD: smoke management, tunnel ventilation, active control, RAMS, automatic operation 
 
 
INTRODUCTION 
 
The focus of this paper is to convey a personal view on smoke management as a mitigation measure 
in safety engineering. In simple terms, the objective is to keep smoke and the associated toxic gasses 
of a fire away from the users so that they may egress safely.  
 
As the occurrence and development of a fire is unknown, the fire detection and the reaction by the 
smoke-management system needs to be fast i.e. enabling an adequately safe environment within few 
minutes after the onset of the fire.  
 
 
ON CERTAIN PASSIVE MEASURES FOR SMOKE MANAGEMENT 
 
Introduction 
 
Due to their reliability, passive measures are obviously favoured. The smoke propagation is limited to 
certain zones i.e. by establishing fire zones separated e.g. by self-closing fire doors.  
 
 
Platform –screen doors (PSD) 
 
Platform-screen doors or platform-edge doors need to establish a complete separation between the 
track and the platform, in order to be deemed efficient from a smoke-management point of view. 
Consequently, the openings of the PSD need to be aligned with the train doors. Due to this, the rail 
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system therefore has be operated with purpose-built rolling stock.  
 
 
Anti-recirculation walls at tunnel portals 
 
In many safety concepts, a parallel tunnel tube is intended to function as safe haven. Logically, this 
escape tunnel then has to be kept smoke free, in case of fire in the adjacent incident tube. The egress 
routes between the two tubes are kept smoke free by establishing an air lock i.e. having two doors.  
 
Smoke can, however, exit through the portal of the incident tunnel and re-enter the non-incident 
tunnel through its portal, see Figure 1. 
 

 
 
Figure 1 Principle of recirculation from exit portal (outflow) to entrance portal (inflow) 
 
 
Such smoke recirculation can be adequately hindered by having an anti-recirculation wall between the 
two tunnel tubes. Based on [2] to [6], the Swiss guideline regarding road-tunnel ventilation [1] 
concluded that on of the following measures against recirculation are to be foreseen, depending on the 
location of the entrance and exit portals in relation to one another, see Figure 2. 
 

 

A. Entrance is 30 m behind exit 

B. Between situation A and C 

C. A 30 m long wall separates the two 
portals zones 

D. Between situation C and F 

E. Between situation C and F 

F. Exit is 100 m prior to entrance  

Figure 2 “Trennwand” = separation wall. Measures to minimise smoke recirculation at portals 
of road tunnels according to FEDRO/ASTRA [1]. Figure from [1].  

 
The deduced requirements to the separation wall between the tunnel tubes are valid when: 

- the two tunnel tubes are close to each other, 
- the tunnels are not in a trough and 
- there is not an elevation behind the tunnel portal  

 
A more refined empirical model that incorporates the requirements above, through influence factors, 
has been developed by Brandt [7]. 
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VENTILATION PRINCIPLES FOR SMOKE MANAGEMENT 
 
Ventilation principles 
 
Two distinct principles are applied for smoke-management: 

1) Longitudinal ventilation, which can be subdivided depending on the ventilation objectives 
(see Figure 3): 

a) Zero-velocity at the positions of the fire with the aim to benefit from adequately slow 
smoke propagation velocity in all directions so that the people can egress under the 
developing layer 

b) Some back-layering of smoke upstream controlled by the so-called confinement 
velocity (uconf) and faster smoke propagation downstream 

c) Smoke propagation only downstream by ensuring at least the critical velocity (ucrit) 
just upstream the fire i.e. blowing the smoke away from the intended egress area to 
give tenable conditions on one side of the fire and allow smoke only on the other  
 

2) Smoke extraction i.e. removing the smoke to provide tenable conditions in the space of 
interest. In order to ensure an efficient smoke-extraction, it can be argued that the flow 
velocities towards the extraction point should as a minimum be equal to the confinement 
velocity. 

 
 
 

 
 
Figure 3 Longitudinal ventilation objectives  
 
 
 
Typical design values 
 
In practise, it appears that a minimum velocity (umin) of 0.5 m/s is required in order to move even cold 
smoke. The value of the critical velocity has been subject of several studies, and one of the most 
recent proposals to calculate this can be found in NFPA502 [19]. For a 30 MW fire in a road tunnel, a 
typical value of ucrit is 2.4 m/s. The value of uconf is somewhat more difficult to determine, but a 
typical value is 1.2 m/s.   
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The design velocities have to include a margin for ventilation control and therefore need to be higher 
than the theoretical ones derived for steady state. Without such margin, the flow is unlikely to achieve 
the design value. Consequently, it is proposed to increase the design velocity by 25%.  
 
Early designs required the smoke-extraction rate to be 150% of the smoke–production rate i.e. about 
120 m3/s for a 30 MW fire. From a smoke-management perspective, the smoke-extraction rate also 
needs to be at least uconf  multiplied with the cross section areas on each side of the smoke-extraction 
point. Assuming that the cross sections on each side of the extraction point are equal, this results in 
the following volume flow calculation: V = 2 x uconf  x (tunnel cross section area). The highest of the 
two values, smoke-management vs. smoke-extraction, has to be used in the design.   
 
 
Design philosophy  
 
It is proposed to adopt two design criteria: 

- Main design criteria covering all typical worst cases but not extreme scenarios 
- Minor design criteria also for the typical worst case but having one extreme design parameter  

 
 
Ambient conditions and further external forces 
 
Forces arising from ambient conditions (external winds and temperatures) have to be considered in 
the design. The 95%-percentile of long-time hourly mean values of ambient conditions should be 
assumed for the main design criteria, whereas the 99.9%-percentile should be applied as extreme 
design parameters when using the minor design criteria. 
 
Other system forces that might occur e.g. due to operation of other equipment should in addition be 
considered in the design. 
 
 
Design fires 
 
In order to determine the design fire, typically a credible worst-case scenario is assumed. In several 
countries, national guidelines prescribe the maximum heat-release rate to use for dimensioning, i.e 
one mega-watt number. However, particularly in rail applications, a fire scenario is used, in which the 
fire develops over time (mega-watt curve) to reach the maximum heat-release rate.  
 
In addition to the credible worst-case scenario, an extreme design fire shall be determined. For the 
design criteria, this then corresponds to one extreme design parameter. 
 
 
Fixed fire-fighting system (FFFS) 
 
Fixed fire-fighting systems (FFFS) efficiently reduce the development of a fire. However, rapid 
activation is crucial for a FFFS to provide any benefit in safety engineering. Assuming that the FFFS 
is adequately designed and activated within, say, 2 minutes of the onset of the fire, the question 
remains to assess its impact on the fire in terms of e.g. resulting heat-release rate. The FFFS would be 
expected to almost extinguish open fires but will have limited impact on concealed fires. Reviewing 
the fire experiments conducted with FFFS, it seems a good design assumption that the FFFS will 
reduce the potential maximum heat-release rate to half. This means that a design fire of e.g. 100 MW 
without FFFS can be reduced to 50 MW with FFFS.  
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Applied fire-scenarios for the design 
 
The design needs to cater for situations during which associated key systems fails that have direct 
impact on the functionality and/or the efficiency of the smoke-management system. One such system 
is the FFFS.  
 
It is proposed to dimension the smoke-management system according to following design fires: 

- Maximum heat-release rate of the Design Fire with FFFS 
- Maximum heat-release rate of the Design Fire without FFFS 
- Cold fire with the same smoke-production rate as the hot Design Fire 

 
 
CONTROL OF THE LONGITUDINAL FLOW 
 
Introduction 
 
In many cases, the smoke-management system envisages to control the longitudinal flow so that its 
velocity is contained within a certain range.  
 
For longitudinal ventilation systems, the objective of the control is to obtain and keep the velocity 
within a certain range. One objective can be to keep the velocity adequately low to enable egress by 
foot on both sides of the fire. Also, if the objective is to prevent backlayering and ensuring at least the 
critical velocity, it can be desirable to restrain the air flow and hence the fire development. 
 
Regarding smoke-extraction systems, the objective is to limit the smoke spread to the extraction zone. 
However, external forces and/or the chimney effect by the fire can cause the flow to spread beyond 
the extraction zone, as was the case during the Mont-Blanc fire in 1999. At high smoke-extraction 
rates, the requirement for control of the longitudinal flow is reduced. 
 
In a research project for the Swiss road authorities, all principles for influencing the longitudinal flow 
in road tunnels were investigated [9, 10]. 
 
 
Passive measures 
 
The passive measures aim at reducing the required air flow capacity.  
 
A typical passive measure is to block the airway e.g. by closing purpose-built doors. This measure is 
used in rail and metro systems, where blocking the underground facility do not impede the egress and 
the intervention by the emergency services.   
 
In road tunnels, however, egress and intervention normally require keeping the tunnel open to traffic. 
In the Roppener tunnel (Austria), a curtain is lowered in case of fire to reduce the longitudinal flow. 
This is designed in such a manner that vehicles can drive through it, see Figure 4. References [13] and 
[14] report on fluid-dynamic investigations of similar curtains.  
 
Installing a large balloon that fills with air in case of fire and incorporates an airlock to enable passing 
through it, has also been proposed as an innovative measure to block the air flow.  
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Figure 4 Flexible curtain that is lowered in case of fire in the Roppener tunnel, Austria  
 
 
Air curtains appear to be the viable alternative to genuine curtains. The principle is to inject flow at a 
high velocity and at a large angle (almost perpendicular) from one side so that it impinges on the 
opposite side, see Figure 5. However, it should be noted that it can only resist a certain pressure, 
above which it completely ceases to resist the longitudinal flow. Another issue is that it by design can 
only oppose a pressure difference in one direction. Although often used in HVAC systems, air 
curtains are therefore less common for tunnel applications.  
 

 
Figure 5 Air curtain without (left) and with (right) recirculating flow  
 
 
 
Active Measures 
 
In metro systems, the classical push-pull principle involves flow injection at one position and/or 
extraction at another to create a longitudinal flow. This method has also been used in road tunnels e.g. 
Seelisberg (Switzerland) and Saukopf-tunnel (Germany) [8]. 
 
In 1898, Saccardo patented the principle of injecting flow at a low, almost horizontal, angle to cause a 
longitudinal flow [11]. In the following year, this design principle was used for the Gotthard rail 
tunnel [12]. The drawback of the Saccardo nozzle is that it only functions in one direction at a fixed 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

70



injection angle.  
 
A refined utilisation of the Saccardo principle is to use fresh-air impulse dampers. Here, the injection 
angle can be varied so that injection is possible in both directions [15], see Figure 6. This is an often-
seen solution for refurbishment of road tunnels with fresh-air ducts.  
 

 
Figure 6 CFD computation of a fresh-air impulse damper for two utilisations 
 
 
The most common method, however, for influencing the longitudinal flow in road tunnels is the 
utilisation of jet fans. The advantage of jet fans is that they maintain having an impact on the 
longitudinal flow irrespectively of the direction of the flow to control.  
 
 
Closed-loop control of the longitudinal flow 
 
The principle of the closed-loop control is to measure the longitudinal flow and to adjust the 
ventilation capacity until the desired velocity is reached.  
 
In order to ensure that the smoke was extracted entirely within the extraction zone, the bi-directional  
road tunnel Vue-des-Alpes [16] was the first tunnel to use closed-loop control of the longitudinal flow 
in case of fire. Based on these experiences, a closed loop control was applied to the refurbishment of 
the Mont Blanc tunnel [17].  
 
The reason why active closed loop control has not been attempted earlier, is the realization that it is a 
challenge to obtain adequately accurate measurements of the volume flow in the tunnel. Vane 
anemometers and pitot tubes can merely measure velocities in a single point, but for this purpose the 
average velocity in the entire tunnel cross section is required. Considering that the tunnel can only 
have measurements devices situated near its wall, to not obstruct traffic, one viable measurement 
principle that gives adequately reliable values is based on measuring across the traffic space, using the 
ultra-sonic principle, see Figure 7.  
 
Regarding the assessment of various measurements methods of the air flow in tunnels, the conclusions 
from the research project [18] on the matter is misleading, as it was based on measurements in tunnels 
operated with traffic. The piston effect of the driving vehicles mixes the flow field to such an extent 
that the entire flow field in a cross section has similar velocities. For the purpose of active control 
during a fire, the situation is different, as there should be no operating traffic and the flow field in a 
cross section is therefore very different and with large variations in velocities.  
 
Even with the best possible anemometer for the measurements of the average velocities in a cross 
section, it has to be ensured that the measurements are plausible. Attempting to control the 
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longitudinal flow based on inaccurate measurements can have devastating consequences. 
Consequently, a plausibility test of the measurements has to be carried out. The typical configuration 
for this purpose is to place three anemometers close to each other and to compare the three 
measurements using logical rules.  
 
 

 
Figure 7 Principle of ultra-sonic flow measurements by measuring across the tunnel section. 

Illustration from FLOWSIC200 operation instructions, release 2016-17 
 
 
 
Whereas the control routine for the Vue-des-Alpes was directly based on the equations describing the 
physics of the flow field, most routines nowadays are based on using standard PID libraries. This is in 
line with the conclusions of the in-depth research of various feed-back control principles that was 
carried out for the Swiss Federal Roads Office [22]. The practical use of PID and the determination of 
the control parameters is described in [21]. Active feed-back control is also prescribed for the E4 
Bypass Stockholm, which is one of the largest and most complex road tunnel-networks under 
construction [20]. 
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DIMENSIONING 
 
Two dimensioning of the smoke-management system have to be carried out: 

- Main Dimensioning applying the Main Design Criteria and covering all Typical Worst Cases 
but not extreme scenarios 

- Minor Dimensioning applying the Minor Design Criteria for the Typical Worst Case design 
situation and One Extreme Design Parameter  

 
Moreover, the dimensioning needs to be carried for cases that key systems, which have a direct 
influence on the dimensioning, do not function. One such system is the fixed fire-fighting system, as 
failure leads to larger design fires than expected. If the likelihood of such system failures is as low as 
for the occurrence of one of the Extreme Design Parameters, it is proposed to conduct the 
dimensioning applying the Minor Design Criteria but applying the design fire without application of 
the FFFS.  
 
The resulting dimensioning corresponds to the maximum of these six cases, see Table 1. It should be 
noted that there are several sub-cases of 3 and 4, as the result for each of the Extreme Parameters has 
to be evaluated.  
 
 
Table 1 Cases for the dimensioning of the smoke-management system  
 

 
 
 
Typical results of the dimensioning are the required: 

- thrust for systems to control the longitudinal flow 
- extraction rates  
- distances over which the extraction takes places 

 
The detailed selection of equipment is conducted when other requirements to the design aspects have 
been clarified. 
 
 
DESIGN  
 
RAMS and Minimum operation requirements 
 
In order to establish the required mitigation measures in case the smoke-management system (and all 
other safety relevant systems) does not perform according to the design criteria e.g. due to equipment 
failures, a RAMS analysis of the entire safety system should be carried out (RAMS = reliability, 
availability, maintainability and safety). The key question is to determine the required availability of 
the smoke-management system. For how long time may the smoke-management system have partial 
or complete failure?  
 
If, however, it is assumed that the only viable mitigation measure is to close the underground facility, 
the minimum operation requirements of the smoke-management system need to be defined. In this 
case, the capacity of smoke-maximum system needs to correspond to its dimensioning at all times.  

Case Dimensioning Criteria Scenario Design Fire
1 Maximum heat-release rate with FFFS
2 Cold fire 
3 Maximum heat-release rate with FFFS
4 Cold fire 
5 Maximum heat-release rate without FFFS
6 Cold fire 

Main

Minor

Main Design 
Criteria

Minor Design 
Criteria

Typical Worst Case

Typical Worst Case and 
One Extreme Parameter

Typical Worst Case
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Equipment Selection and Design 
 
Assuming that there are no viable mitigation measures available, equipment needs to be selected such 
that the underground facility is considered safe when part of the equipment is not operational. One 
aspect is to be able to conduct service on equipment without having to close the facility. Other reasons 
for adding equipment is to enable continuing the operation of the facility in case of equipment failure. 
Moreover, it has to be considered that a part of the equipment can be destroyed by the fire.  
 
In case of a longitudinal smoke-management system, the procedure is firstly to establish the 
maximum possible locations for jet fans and anemometers.  
 
At least two groups of anemometers per ventilation section need to be installed and they should be as 
far apart as possible. Each group has three single anemometers, and they have to be situated so that 
they are in fully developed flow that is not perturbed by the flow from jet fans, turbulence caused by 
signs etc. 
 
A typical design philosophy is to assume that the group of jet fans near the fire will not be operated 
and might even be destroyed by the heat. Moreover, it is common practise to have an additional group 
of jet fans per ventilation sections. In this manner, it is permissible that one group of jet fans do not 
function or is in service.  
 
Due to the delivery times of typically 3 months for jet fans and up to 9 months for axial fans, it should 
be considered to have spares on stock. However, in order to grease the bearings, the impeller of fans 
on stock need to be rotated several times per year.  
 
For smoke-extraction systems, the design capacity has to be obtained even if one axial fan is not in 
operation.  
 
If the smoke extraction is through opening of one or few remote-controlled dampers close to the fire, 
the consequences of incomplete opening of at least one damper has to be considered in the design.   
 
 
FIRE DETECTION 
 
The Austrian highway administrations (ASFiNAG) requested a comparative assessment of various 
detection methods for road-tunnel operation [23]. Following criteria were examined: 

- Detection possibilities  
- Reliability  
- Fast response  
- Maintainability 
- Cost effectiveness  

 
The highest value (4) was awarded for excellent performance.  
 
Figure 8 shows the evaluation for following detection principles: 

- Linear heat detector 
- Smoke detector 
- CO-detector for fire detection (see [24]) 
- Multiple gas detector 
- Flame detector  
- Video for automatic fire/smoke detection 
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Figure 8 Comparison of various principles for fire detection [23] 
 
 
Only the linear heat detector demonstrates a high reliability and the ability to detect many different 
types of fires, which is of paramount importance for fully automatic control systems. However, the 
response time is not very short. In order to obtain an adequately short response time, it is important to 
specify this in the procurement documents. The German recommendations for the configure ation and 
operation of road tunnels EABT-80/100 [25] specifies that the linear heat detector has to detect a 
5 MW fire within 1 minute at an air flow of 6 m/s (unidirectional tunnel). The detection accuracy has 
to be 50 m. 
 
In order to have faster fire detection, Switzerland requires installation of smoke detectors. In 
Germany, it is required that the visibility sensors also are used for smoke detection. Newly developed 
routines for the analysis of the signals from smoke detectors have resulted in an increase in liability to 
such an extent that they can be used for automatic incident response [26]. 
 
Video detection of smoke is normally very fast but prone to false alarms. Therefore, they should not 
be used for automatic incidence response.  
 
 
OPERATION OF SMOKE-MANAGEMENT SYSTEMS 
 
Smoke-management systems shall preferably operate fully automatic without any need of operator 
intervention. Nevertheless, manual intervention by the operator has to be envisaged. It shall be 
possible manually to activate the smoke-management system and even to change fire zone for which 
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it is activated. Moreover, the operator or the emergency services have to have the possibility to 
change the ventilation settings during intervention.  
 
The principal aspects of the envisaged operation of the smoke-management system has to be known 
during the design stage.  
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ABSTRACT 
 
Safety-related investment decisions for tunnels rely on evidence of the benefits of risk reduction 
measures and when risks are considered acceptable. These decisions can be at the level of a policy 
across an organisation or a specific investment decision for a tunnel project. Across different sectors, 
established relevant good practice is used as a baseline for what will result in an adequate level of 
safety. Where relevant good practice is appropriate to the circumstances, then decisions on risk 
mitigation are relatively straightforward. Where established good practice does not exist, or is out of 
date, the decision making process is more complex. 
 
This article first presents a review of safety risk acceptance principles for UK tunnels, comparing 
principles adopted for rail tunnels, road tunnels, tunnels subject to buildings regulations, and tunnels 
in nuclear installations. Case studies are presented from each of these sectors.  
 
As more tunnels are constructed, including in densely populated cities, it is increasingly important to 
understand the grounds for decision making. Efficient allocation of resources needs to be weighed 
alongside uncertainty, loss prevention and the foreseeable impact of major tunnel incidents. This 
article identifies a lack of clear guidance on risk acceptance principles for tunnels, and makes 
recommendations for the factors that should be addressed by tunnel specific guidance. We highlight 
societal concerns, which are a significant factor in decision making over tunnel safety risks. 
 
 
KEYWORDS: UK tunnels, risk acceptance principles, investment decisions, safety regulations 
 
INTRODUCTION 
 
The regulatory environment in the UK generally relies on the principle that risks should be As Low 
As is Reasonably Practicable (ALARP), where if a risk is significant in relation to the sacrifice (in 
terms of money, time or trouble) required to avert it, the risk must be averted unless there is a gross 
disproportion between the costs and benefits of doing so. Whilst this concept is widely acknowledged, 
there has been relatively little research to compare how this is applied in different regulatory contexts. 
 
The scope of this article is limited to safety (loss of life or limb) to tunnel occupants, who may be 
either users of a transportation tunnel or workers. Comparison is made between risk acceptance 
principles for rail tunnels, road tunnels, tunnels subject to buildings regulations, and tunnels in nuclear 
installations. We first discuss regulations applicable for all tunnels; subsequent sections address each 
sector in greater detail, in each case including a case study illustrating how risk acceptance principles 
are applied. Finally, we consider the need for additional sector specific guidance for tunnels. 
Throughout this article, we make reference to the following concepts relating to individuals and 
society. 
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Individual concerns 
how individuals see the risk from a particular hazard affecting them and things they value personally. 
 
Societal concerns 
the risks which, if realized, could have adverse repercussions for the institutions responsible for 
putting in place the provisions and arrangements for protecting people, e.g. Parliament or the 
Government of the day. 
 
We also make use of the following definitions of individual and collective risks: 
 
Individual Risk 
The safety risk to a single person, used to represent the risk to a typical individual, such as a user of a 
transportation tunnel or a worker. 
 
Collective Risk 
The safety risk, to a group of people or a population, associated with a control measure or hazardous 
event.  
 
Individual risk can be quantified as the probability of a typical individual member of one of the 
constituent population being killed or injured during a year whilst undertaking a particular activity. 
Collective risk can be quantified as the average number of fatalities, or fatalities and weighted 
injuries, per year that would be expected to occur. Although these concepts are related, they are not 
the same and presentation of information regarding these concepts is important for understanding and 
communicating the impact of particular decisions.  
 
 
UK SAFETY REGULATIONS AND GUIDANCE  
 
Legislation 
Key legislation affecting safety risk acceptance in UK tunnels is shown in figure 1. The Acts of 
parliament in blue are generally enabling legislation giving powers for more detailed subsequent 
regulation (Statutory Instruments). The Statutory Instruments (shown in grey) are usually supported 
by approved guidance or codes of practice. For a tunnel, enforcing authorities and duty holders are 
likely to have obligations under several of these regulations.  The result is a complex collection of 
principles and obligations that is difficult for decision makers (at planning, design, or operational 
stages) to navigate.  
 

Figure 1 Key primary and secondary legislation affecting safety risk assessments for UK tunnels 
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Amongst the applicable legislation the Health and Safety at Work Act 1974 is notable since it has 
broad ranging scope and powers that can be enforced in criminal law. The objectives of the Health 
and Safety at Work Act include securing of the health, safety and welfare of people at work and the 
protection of people not at work against risks to their health and safety arising out of work activities, 
for example those exposed to risks from industrial facilities near their homes.  
 
Many tunnels are also subject to the Regulatory Reform (Fire Safety) Order 2005, and this Order 
contains requirements to reduce fire risk that may overlap with some of the requirements of the Health 
and Safety at Work Act. 
 
HSE guidance on safety risk assessment 
The HSE document ‘Reducing Risks, Protecting People’ (R2P2) [1] describes the hierarchy of 
regulations enabled by the Health and Safety at Work Act, approved codes of practice, and guidance 
documents and how these should be used by duty holders to meet their obligations.  
 
The risk acceptance principles described within R2P2 are used by duty holders to determine whether 
risks are ALARP. This is understood through a ‘tolerability of risk’ framework, in which risks are 
quantitatively or qualitatively categorized into one of three risk regions: 
 

• ‘broadly acceptable’ indicating that no further risk reduction measures are required; 
• ‘tolerable’, indicating that additional risk reduction measures are required, unless the risk is 

explicitly demonstrated as ALARP; and 
• ‘unacceptable’, indicating that further risk reduction measures are required. 

 
These regions are illustrated in the ‘carrot’ sketch shown in figure 2.  

 
Figure 2: ALARP carrot diagram 
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As mentioned in the introduction, under the ALARP principle, if a risk is significant in relation to the 
sacrifice to avert it, the risk must be averted unless there is a gross disproportion between the costs 
and benefits of doing so. The costs and benefits are not only monetary and safety related –  
considerations such as sustainability and operational flexibility should also be taken into account. This 
idea of gross disproportion was first established in UK case law in the case of Edwards versus the 
National Coal Board in 1949. However, Evans [2] points out that the concept of gross disproportion 
established at that time did not rely on a formal method of estimating the Value of a Statistical Life, 
such as that currently used in the HM Treasury Green Book [3], and the only financial figures relating 
to casualties were compensation payments to victims and their relatives. 
 
Figure 2 does not contain any indication of the circumstances in which risks should be considered 
unacceptable, nor whether individual or societal concerns should be the primary consideration. These 
issues are discussed at length in the HSE’s R2P2 document. R2P2 does not recommend explicit 
criteria for tolerability of risk, and there is no legal requirement for risks to be tolerable, nor any 
recognition that low risks may be regarded as broadly acceptable. Despite this, R2P2 gives the 
following indications of where individual risks might be considered unacceptable: 
 

• Individual worker’s risk of fatality exceeding 1 in 1,000 per year 
• Risk of fatality for individual members of the public exceeding 1 in 10,000 per year 

 
As far as the distinguishing between individual and societal concerns, the R2P2 document states that 
the duty holder should concentrate on the following:  
 
“looking at the prospect of harm to individuals and in some cases to society but, as far as the latter is 
concerned, limited to the extent to which [the HSE] has stated in regulations, guidance etc. how this 
should be undertaken” 
 
R2P2 suggests it would be not be acceptable if an accident causing the death of 50 people or more in a 
single event is likely to occur more than once every 5,000 years, but highlights that developing 
criteria on tolerability of risks for hazards giving rise to societal concerns is difficult since this may 
call for the attribution of weighting factors for which, at present, no generally agreed values exist. For 
example, the death of a child as opposed to an elderly person, dying from a dreaded cause e.g. cancer, 
or the fear of affecting future generations in an irreversible way. Trbojevic [4] points out that advice 
from the HSE has changed, becoming more averse to these risks over time. 
 
The guidance in R2P2 must be sufficiently broad to address risks to workers exposed to hazardous 
substances, from slips, trips and falls, driving for work, and risks to the public from industrial 
accidents. It does not include specific guidance on tunnels. 
 
RAILWAY TUNNELS 
 
Regulation and guidance 
In the mainline railway industry, operators are required to demonstrate risks are controlled in 
accordance with The Railways and Other Guided Transport Systems (Safety) Regulations 2006 and 
the Common Safety Method. This requires railway operators to demonstrate risk is controlled using 
the following risk acceptance principles: 
 

• Application of codes of practice or national rules; 
• Comparison to reference systems; or 
• Explicit risk estimation. 

 
The Rail Safety Standards Board document ‘Taking Safe Decisions’ [5] provides guidance on risk 
assessment, including application of the Common Safety Method. This document does not contain 
specific guidance in respect of tunnels, but does include the following commentary regarding societal 
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concerns and how these should be considered in ALARP assessments:  
 

“Societal concern refers to the concern and anxiety that the public feels about different types 
of risk, such as high consequence/low frequency risk. Societal concern is subjective and can 
change dramatically over time or, for example, following the occurrence of an accident. It 
might not reflect the true level of risk but is influenced by dread and other subjective or 
emotive feelings. Societal concern about risk can result in pressure on the railway that is 
disproportionate to any objective evaluation of risk. For this reason, societal concern is not 
used to determine what is reasonably practicable. However, a company might decide to 
consider societal concern for commercial reasons. The government can and does take 
societal concern into account when making policy decisions.” 

 
The Office of Road and Rail provides guidance on cost benefit analysis in support of safety-related 
investment decisions [6] which also adopts a similar utilitarian approach. By contrast, London 
Underground (LUL) standards require that ALARP assessments include consideration of societal 
concerns. 
 
Case study – train frequency and tunnel ventilation 
Woodburn [7] draws attention to the provisions for ventilation of heat and smoke in railway tunnels in 
the UK. Control of heat and smoke is served by ventilation shafts which maintain tenable evacuation 
and firefighting conditions under a design fire scenario. The current industry default approach is to 
limit train throughput such that ventilation sections (the length of tunnel between two shafts) only 
serve a single train, to enable bi-directional smoke ventilation. However, this restrictive ventilation 
strategy requires the construction of costly intermediate ventilation shafts, threatening the commercial 
viability of such projects. 
 
To evaluate the impact of removing this limitation, thus allowing multiple trains per ventilation 
section, Woodburn undertook a quantitative risk assessment and cost-benefit analysis of the exclusion 
of intermediate ventilation shafts within a tunnelled rail scheme in the UK. The impact on the safety 
of firefighters and firefighting intervention times was also assessed [8]. Collective risk to workers and 
passengers was quantified in Fatality Weighted Injuries (FWIs), encapsulating the risk of various 
degrees of psychological and physical trauma. This risk was found to be within the ‘tolerable’ range, 
as defined by applicable standards, and justified as ALARP via explicit cost-benefit analysis and 
assessment of other tunnel and rolling stock design features.  
 
Whilst the results of this assessment are not directly generalisable, this study demonstrates that, within 
railway tunnels, the implementation of a restrictive ventilation strategy may produce a marginal 
reduction in absolute system risk at the cost of major infrastructural investment.  
 
ROAD TUNNELS 
 
Regulation and guidance 
For the UK strategic road network Highways England’s approach to safety investment decisions is 
described in its design manual for roads and bridges, which requires decisions makers use the 
GD04/12 standard for risk assessment [9]. GD04/12 provides a framework for safety risk 
management and refers extensively to [1] for principles and criteria for the tolerability of risk. The 
guidance in GD04/12 was developed partly in response to an incident in 2001 when a vehicle came 
off the M62 motorway, ran down the embankment and onto the East Coast Mainline, where it was 
struck by a passenger train [10]. The HSE investigated the circumstances that led to the incident and 
their report made it clear that the accident had resulted from a highly unlikely and unpredictable chain 
of events. However, the Government was concerned about the general issues this crash raised and 
asked for a wider investigation into the accidental incursion of road vehicles onto the railway. 
 
Tunnels that are on the UK strategic road network and are part of the Trans-European Road Network 
are required to comply with Road Tunnel Safety Regulations 2009. This sets a minimum level of 
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safety and requires a risk analysis to be undertaken by a person that is functionally independent from 
the Tunnel Manager. It does not include guidance on risk analysis or risk acceptance principles and 
therefore the GD04/12 standard is often used for UK road tunnels.  
 
Public consultation documentation for a new road tunnel in the UK refers to the following ALARP 
requirement: 
 

The risk level in the tunnel required by the appropriate design standards and legislation is 
required to be As Low As Reasonably Practicable (ALARP). ALARP principles are well 
established in the UK and are described by the Health and Safety Executive (HSE) as the process 
of assessing a risk against the effort needed to further reduce it. ALARP assessments are not 
simply a cost-benefit analysis because ALARP decisions are weighted in favour of health and 
safety.  

 
The above illustrates the type of guidance generally available to decision makers; reference is made to 
HSE guidance but the HSE does not regulate key aspects of design and operation of road tunnels and 
has not produced sector specific guidance.  
 
Case study – the need for automatic fire suppression systems  
There have been several assessments of the need for fire suppression systems for road tunnels in the 
UK, including for the Tyne tunnels in 2011 (the first UK road tunnel to install fire suppression) and 
for Hindhead tunnels in Surrey, where a suppression system was initially planned but ultimately not 
installed. Whilst water based fixed fire suppression systems certainly reduce safety risk in road 
tunnels [12], analysis undertaken for recent projects have concluded that the safety risk without 
suppression can be acceptable, with instances of installation of such fire suppression systems driven 
largely by tunnel availability concerns rather than safety.  
 
Despite this, several recent tunnels have still included suppression. We think that this is due to a 
combination of the following factors: 
 

• risk assessments that do not capture to extent to which decision makers are averse to the risk 
of severe fires in tunnels 

• the need for suppression introduced by availability concerns (because automatic fixed fire 
suppression systems for road tunnels can prevent significant loss of availability post-incident) 

 
 
TUNNELS SUBJECT TO BUILDINGS REGULATIONS 
 
Regulation and guidance  
The UK Building Regulations contain numerous requirements to reasonably mitigate risks, however, 
no explicit reference is made to the need to demonstrate risks are ALARP. Importantly for tunnel 
safety risks, there is no guidance regarding the notion of individual and societal concerns.  
 
At present, the design and construction of most underground structures are regulated by a building 
control body, the duties of which are discharged to local authorities or to private enterprise. The 
recent independent review of Building Regulations and Fire Safety [13] identifies systemic failures in 
the current model of regulation which could lead to acceptance of disproportionate levels of risk. To 
address these concerns, the report conceives of a ‘radical overhaul’ to the current model in which a 
duty holder for a new or existing building is required to present a safety case to the regulator. This 
safety case would demonstrate the “layers of protection” in place to form an integrated safety strategy 
for the building. The duty holder would be able to consider the layers of protection from an economic 
perspective, balancing the overall reduction in risks over the lifetime of the building with the capital, 
maintenance, and other costs. The review recommends that the duty holder should be required to 
demonstrate how they are reducing building safety risk so far as is reasonably practicable, with 
national guidance needed to establish a consistent approach across the country. 
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For underground metro stations, London Underground (LUL) standards require designs both to 
comply with the Buildings Regulations [14] and to demonstrate that safety decisions are ALARP [15]. 
These standards explicitly require societal concerns to be considered, with guidance pointing to 
considerations around public aversion to the risk of incidents that might result in multiple fatalities, 
and the extent to which risk is equitably shared, particularly where a vulnerable group is involved.  
 
Case study – upgrades of existing infrastructure 
London Underground has an ongoing programme of upgrade projects that improve access to metro 
stations for disabled users and other persons with restricted mobility. London Underground’s 
guidance [16] asks designers and planners to use the ALARP principle when considering the need for 
safety upgrades as part of these upgrade project. Assessment of safety risks in tunnels made as part of 
upgrade of LUL stations would need to consider societal concerns as part of demonstrating ALARP. 
 
Sometimes the historic station infrastructure being upgraded would not meet modern safety standards 
but bringing the station up to those standards would be costly and time consuming. It is important that 
the objective of improving access to underground stations for all users is not unduly hampered by 
concerns around the need for safety upgrades. London Underground guidance therefore asks designers 
to start from the assumption that the safety risks in the existing infrastructure are managed to ALARP 
levels. 
 
TUNNELS IN THE NUCLEAR SECTOR 
 
Regulation and guidance 
Regulation of safety at nuclear facilities is, in addition to legislation applicable to all tunnels, 
governed by the Nuclear Installations Act 1965 and associated site license conditions, the Office for 
Nuclear Regulation (ONR) Safety Assessment Principles for nuclear safety, and indirectly by the 
ONR’s Security Assessment Principles. Buildings and tunnels within the nuclear site license boundary 
are exempt from compliance with UK Building Regulations. The ONRs view on decision making 
around safety investments and demonstrating risk are ALARP is closely aligned with the 
recommendations of the R2P2 document. There is no additional sector specific regulations or 
guidance for decision making around safety risks in tunnels on nuclear licensed sites. 
 
Case study – service tunnels in nuclear facilities 
Recent nuclear new build projects in the UK have made extensive use of tunnel networks to satisfy 
numerous nuclear safety and security criteria through conveying mechanical and electrical services to 
support the operation and safety of the power plants. The implementation of these designs has 
required extensive optioneering and multi-disciplinary safety justifications to demonstrate the 
successful reduction of overall risk to a level accepted by the ONR as being ALARP. 
 
Due to the lack of established codes and standards for tunnels on nuclear sites, nuclear site licensees 
to date have had to undertake extensive work to identify (even partially) relevant guidance, undertake 
structured optioneering where it was not possible to follow key fire standards, and demonstrate that 
the risks to life safety, nuclear safety, and nuclear security have been appropriately balanced and 
reduced (whilst also taking account of non-safety considerations such as insurance, reputational 
protection and business continuity requirements). 
 
In recent nuclear new build projects in the UK, safety justifications for tunnel design have included 
risk assessment of tunnel access frequencies for inspection and maintenance, ease of personnel rescue 
in non-nuclear incidents, ventilation provisions, and assessment of the practicability of increasing 
access shaft numbers and decreasing their spacing. 
 
Key challenges encountered within nuclear new build projects in the UK include: 
 

• Establishing the access frequency of service tunnels – access benefits nuclear safety by 
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providing opportunity for inspection and maintenance of nuclear safety equipment, whilst 
being detrimental to life safety by resulting in exposure to risks associated with confined 
spaces and equipment hazards; 

• Introduction of intermediate access shafts – provision of additional tunnel access points 
benefit life safety by acting as points of egress for evacuation of occupants whilst 
simultaneously presenting weaknesses in nuclear safety by providing vectors for hazard 
propagation, and vulnerabilities in security by linking security zones; and 

 
RECOMMENDATIONS FOR SECTOR SPECIFIC GUIDANCE FOR UK TUNNELS 
 
A lack of specific guidance on risk acceptance principles in different tunnels sectors is likely to mean 
decisions are made on differing grounds depending on the project, perhaps unduly influenced by 
available budgets and the prevailing culture. Emerging technology (such as new energy carries, 
innovation in infrastructure design) also highlight the need for a common understanding of risk 
acceptance principles, since by definition there is little in the way of standards or precedent to 
determine good practice. Based on the comparison between different sectors made in this article, we 
highlight the need for tunnel specific guidance, in particular in the following areas: 
 
Societal concerns 
When major tunnel incidents occur they are headline news and there is a great deal of scrutiny over 
emergency response and preparedness. Societal concerns are a significant factor in decision making 
around safety risk in tunnels and sector specific guidance should acknowledge this. 
 
 
Use of statistics 
Risk assessments often make use of statistical data of the safety record of similar tunnels, or of 
vehicles and equipment planned for use within the tunnels. But probabilistic assessments must use 
representative data, with assumptions clearly stated, and independence of events demonstrated rather 
than assumed [17]. For tunnels, representative data for safety assessments is often not available. 
Guidance on the use of statistical data is tunnel risk assessments should be provided. 
 
CONCLUSIONS 
 
The judgement of the acceptability of risks in tunnels, especially low-likelihood high-consequence 
risks, is subjective and no one can claim to understand when risks should be acceptable to all. Instead 
engineers can assist decision makers by clarifying problems and illuminating trade-offs. In order to do 
this effectively a common understanding of risk acceptance principles is required.  
 
As we make decisions concerning tunnels in densely populated cities and consider opportunities for 
new sustainable technology, it is increasingly important to understand the grounds for decision 
making. Efficient allocation of resources needs to be weighed alongside uncertainty, loss prevention 
and the foreseeable impact of major tunnel incidents.  
 
When major tunnel incidents occur they are headline news and there is a great deal of scrutiny over 
emergency response and preparedness. Societal concerns are (and should be) a significant factor in 
decision making over tunnel safety risks. This article shows the current UK guidance is too generic; 
improved sector specific guidance is needed to support transparent decision making and best use of 
limited resources. 
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ABSTRACT 
 
Significant investments have been made for safety improvements in French tunnels since the 2000s, 
involving considerable infrastructure replacement and equipment upgrading and development. Today, we 
are met with a new challenge regarding “tunnel operation professionalisation” and a continuous safety 
improvement approach relying on operational feedback. As a response, a new structured approach has 
been developed by French State tunnel operators with the assistance of the Centre for Tunnel Studies 
(CETU), in order to build Safety Management Systems (SMS) for the safe operation of tunnels located on 
the national road network. 
 
This article first explains the approach taken by CETU to initiate a methodology for building “SMS 
dedicated to safe tunnel operation”, and the key rules resulting from this piece of work. The context in 
which the Tunnel SMS are being developed is then presented, involving a collaborative work between 
CETU and the French State tunnel operators, over a five-year timeframe. Finally, an insight into mid-way 
first results of the Tunnel SMS development is provided, and next steps are presented. 
 
 
KEYWORDS: tunnel safety, safety management systems, tunnel operation, organisation, risk 
analysis, system assessment, audit 
 
 
1 INTRODUCTION 
 
Significant investments have been made for safety improvements in French road tunnels since the great 
fires which occurred in the Alpin tunnels in the 2000s. These investments involved considerable 
infrastructure replacement and equipment upgrading and development.  
 
Numerous steps forward have been taken to develop technical systems, offer suited technical measures, as 
well as elaborate the organisational dimension of safety (including safety exercises, operation feedback, 
maintenance, inspections) with the involvement of all stakeholders (project owners, designers, tunnel 
operators, tunnel safety officers, fire brigades, etc.) [1]. In this context, tunnel operators’ roles are 
essential in this comprehensive process. 
 
Today, we are met with a new challenge regarding “tunnel operation professionalisation” and a 
continuous safety improvement approach relying on operational feedback. This is one of the main lessons 
learnt after about 15 years of implementation of safety procedures in the French road tunnel context. As a 
response, a new structured approach has been developed by French State tunnel operators with the 
assistance of the Operation and Safety Departments of Centre for Tunnel Studies (CETU) since 2017. 
This approach has been launched with the objective of building Safety Management Systems (SMS) for 
the safe operation of over 40 tunnels located on the national road network. As far as we are aware, this is 
probably one of the first approaches of this type carried out at a national level in the road tunnel context.  
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This article first explains the approach taken by CETU to initiate a methodology for building “SMS 
dedicated to safe tunnel operation”, and the key rules resulting from this piece of work. The context in 
which the Tunnel SMS are being developed is then presented, involving a collaborative work between 
CETU and the French State tunnel operators, over a five-year period. Finally, an insight into mid-way 
first results of the Tunnel SMS development is provided, and next steps are presented. 
 
 
2 BENCHMARK WITH OTHER HIGH-RISK TRANSPORT AND INDUSTRIAL 

SYSTEMS 
 
The first phase of the process involved better understanding what does, and does not, constitute a safety 
management system (SMS) by studying existing and regulated SMS in other high-risk transport and 
industrial sectors (excluding the nuclear industry). This included classified facilities for environmental 
protection (subject to specific regulation), air and rail transport, and ropeways. The scope also covered 
safety management for urban guided transport systems. 

The study was based on French existing SMS (eg. French SMS of ropeways operators [2]), but it can be 
noted that such systems have also been developed abroad (eg. British SMS regulation for air transport 
operation [3], Canadian SMS regulation for rail transportation [4], American SMS for public passenger 
transportation [5]). 

The aim was to understand how these systems work and the fundamental principles behind them. 
Importantly, the idea was not to establish “one-size-fits-all” models that would be unsuited to the 
distinctive features of road tunnel operations, but rather to identify aspects of other systems that could 
usefully be transposed to Tunnel SMS. 

Interviews were held with operators and/or inspection bodies from each of these fields, using a standard 
questionnaire and analysis matrix drawn up in advance for consistency purposes. 

We then analysed and learned lessons from the information gathered at these interviews to gain a clearer 
picture of how an SMS is defined, and what its objectives are.   

As well as examining tools and procedures, we also looked specifically at the strengths (drivers) and 
weaknesses (barriers) identified. These aspects are detailed in section 3.2 below. 
 

 
Figure 1 Public Transport system in Lyon, France 
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3 THE CASE OF ROAD TUNNELS 
 
3.1 Current state of play with a view to application of SMS to road tunnels 
 
CETU analysed the results of the benchmarking exercise by comparing summarised information from 
each of the interviews according to the 10 key themes listed below: 
 

• Regulations/Guides 
• Scope/Application criteria 
• Role of the authority and/or other bodies 
• Existence of an operator-defined safety policy 
• Skills management 
• Change management 
• Reporting of events/Safety level analysis 
• SMS assessment arrangements 
• SMS functioning 
• Development of a safety culture. 

 
This allowed us to assess the strengths, weaknesses, opportunities and threats for Tunnel SMS as they 
currently stand. The resulting SWOT analysis is detailed below: 
 
 
Strengths: 
Under applicable procedures in France, road tunnels over 300 metres in length require safety 
documentation including an initial safety level assessment (based largely on the specific hazard 
investigation), plus a generic risk map. This initial risk assessment applies to all such tunnels in France [6] 
and provides valuable foundations for deployment of an SMS. 
 
The existence of a joint operator working group also creates favourable conditions for the launch of this 
type of process, allowing those on the front line to be heavily involved.  
 
Of the eight operating bodies in question, some operate multiple tunnels. These multi-tunnel operators are 
organised at two levels (regional and local). Having an appointed “tunnels” focal point for each body is 
useful for harmonisation and for information collection and dissemination. 
 
The safety officer, as required under the EU Road Tunnels Directive [7], coordinates all prevention and 
safeguarding measures necessary to ensure the safety of tunnel operators and users. Under French law, 
only tunnels more than 500 metres long on the Trans-European Road Network (TERN) require a safety 
officer. However, CETU strongly advises all operators to appoint a safety officer, even if the nature of the 
tunnel does not require one by law. The safety officer’s duties encompass most aspects of an SMS, and 
the officer also plays an important contributing role in the wider SMS process. Subject to any adaptations 
as required, an effective working relationship between the SMS lead and the safety officer (who is 
guaranteed to be functionally independent from the tunnel operating body) provides solid foundations for 
any future SMS. 
 
 
Weaknesses:  
At this stage, the scope of the SMS remains unclear (in terms of both application criteria and the activities 
involved). It is therefore safe to assume that future SMS will not be uniform in scope (at least during the 
experimental and consolidation phases for SMS deployed by national road network operators involved in 
the process).  
 
Experience suggests that many of the actions that operators take are largely reactive in nature (such as 
event analysis which, under French law, is only required for major incidents and accidents). There are, 
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however, some example of proactive actions, including prevention plans and exercise preparations, and 
training and maintenance plans (where safety officers act as external consultants for tunnels within their 
remit). 
 
Other barriers stem from the way operators are organised geographically, and from the relative 
unavailability of personnel working in teams (3x8 shift pattern), which necessarily limits how much time 
can be devoted to proper functioning of the SMS (e.g. to relevant staff training). The fact that the SMS 
requires a relatively complex organisational structure is also a potential barrier. 
 
The lack of a safety policy with the potential to embed a genuine “safety culture” makes it all the more 
important to ensure that any actions taken are consistent, and that responsibilities are clearly defined. 
 
 

 
Figure 2 Safety exercise – Talant Tunnel, France 

 
 
Opportunities: 
The first opportunity, which has to do with safety level supervision by the authority, concerns the 
existence of a national incident database and annual summary reports published by CETU. 
 
On the issue of change management, the Emergency Response Plan [8] may evolve while the work is 
being carried out (which is in keeping with the SMS process).  
 
An occupational skills management process already exists for control centre operators, to ensure that all 
personnel have the skills they need to perform their assigned duties. Training on the SMS process could 
further enhance these skills. 
 
The French authorities actively encourage the creation of a monitoring committee, comprising operators, 
emergency services and the Prefecture (the administrative authority in the meaning of the EU Directive). 
The committee should meet periodically to discuss operating conditions in the tunnel, to schedule safety 
exercises, and to learn lessons from events occurring in the tunnel. Experience has shown that having 
external partners involved in such a committee is an opportunity to build team cohesion and share 
feedback and practices, as well as providing a central point for information collection and dissemination. 
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Threats: 
The most common fear is that an SMS would add yet another administrative “layer” to an already over-
burdened and complex organisational structure, leaving personnel unable to devote the time and resources 
that the SMS requires to function adequately.  
 
At present, the feedback procedure, which encompasses review, analysis and response, only covers major 
incidents and accidents. The procedure could be extended to other high-risk situations, and could also 
include other aspects such as indicators and preventive actions. 
 
Currently, risk assessments are only reviewed every six years, and feedback (incidents/accidents) is 
only updated annually. Consequently, existing safety level analysis arrangements do not give a full 
picture of the evolution of risk. 
 
 
 
3.2 Application to French road tunnels 
 
In parallel to the methodological work conducted by CETU, a timeframe has been set by the Road 
Directorate General for the French State tunnel operators to build their Tunnel SMS. Given the cultural 
changes involved for road operators, a five-year timeframe has been set for implementing “consolidated” 
Tunnel SMS (for 2021), with an intermediate stage for implementing “experimental” Tunnel SMS (for 
beginning of 2019). 
 
The work method for the building of these Tunnel SMS is based on collaborative work between CETU 
and the French State tunnel operator bodies. It partly relies on the creation of a “Tunnel SMS working 
group” made up of representatives from eight French State tunnel operator bodies and coordinated by 
CETU since July 2017. This group benefits from CETU’s methodological contribution and is dedicated to 
the exchange of information on existing practices or viable approaches, to gradually developing these 
approaches on the Tunnel SMS components, and sharing feedback from experience. It therefore supports 
the development of a Tunnel SMS by each Tunnel operator body in their own road network and tunnel 
context. 
 
The group meetings occur approximately four times a year, and include background work (such as 
definition of Tunnel SMS, framework documents, etc.) as well as work on one topic of the Tunnel SMS 
(such as skills management, asset management, feedback from operation, etc.). After each meeting, 
participants are encouraged to do application work on the topic discussed during the meeting, which 
simultaneously supplies the construction of the Tunnel SMS of each operator. 
 
 
4 FIRST RESULTS  
 
4.1 Highlights of the June 2018 technical seminar with operators 
 
The French Ministry for Transport decided to apply this method to road tunnels on the non-concession 
national road network from 2017. To support this process, the ministry asked CETU to set up a special 
working group comprising key stakeholders from eight operating bodies that, together, manage over 40 
tunnels concerned by the method (i.e. tunnels more than 300 metres in length and subject to French law). 
 
A midway progress seminar was organised in June 2018, approximately one year after the launching of 
the working group. This seminar was organised with French State tunnel operator bodies (represented 
both by their heads and the working group members).  
 
The event was an opportunity for the operators to share their initial thoughts, and to decide how the 
process would be implemented and monitored.  
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Some of the most interesting contributions from the day are given below: 

• One operating body was supportive of the SMS process and pointed to how well it aligned with 
its existing Quality Management System: “Ultimately, the SMS process arrived at just the right 
time. It shows how much further we can go when we work together than when we act alone.”   

• Another attendee raised two major difficulties: the “need for clearly defined internal duties and 
organisational arrangements”, and the “resource allocation demands associated with this 
process”. 

• A third operating body stressed that the process required extensive training and skills 
management work “commensurate with stakeholders’ duties and the specific needs of the tunnels 
in question”. 

• On the issue of asset management, there was clear agreement that “simultaneous considerations 
on the renewal of safety documentation” were very much a plus point. 

• As regards feedback, the SMS has provided an opportunity to strengthen existing arrangements 
and identify a number of areas where they could be improved. For instance: “The operators who 
managed the incident are routinely included in the process, but it is harder to get feedback from 
other operators. This aspect could be improved.” 

• Lastly: “The meeting held at one of the operating body’s premises ahead of deployment of the 
SMS was a good chance to get everyone involved around the same table. Opportunities like this 
don’t come often in routine operations.” 

 
Initial summary of the process: 
An initial summary of the process was drawn up at the seminar. All operating bodies represented on the 
working group arrived at an agreed definition of a “Tunnel SMS”: “Established systems and arrangements 
to optimise road tunnel operation and safety by efficiently managing risks in a way that takes account of 
operational imperatives”. Moreover, the processes initiated by each operating body were testament to the 
wide-ranging, detailed discussions, which covered most of the aspects of the SMS. The operating bodies 
particularly appreciated the additional perspective they gained through risk management.  
 
It is also important to address the perceptions of operating bodies involved in deploying the SMS. 
Initially, many had mixed feelings about the process, fearing it would add an extra layer of complexity to 
the practical concerns around day-to-day tunnel operation. Fully grasping the SMS process requires 
significant awareness-raising effort. This work has already begun, but further effort is required before the 
SMS can be deployed within the relevant operating bodies. The operating bodies expressed concern about 
the internal validation process, which is often long-winded and could cause delays in deployment of the 
SMS. 
 
A few months into the process, operating bodies agree that it adds value to other, ongoing tunnel safety-
related processes and considerations. For instance, the risk assessment aspect of the SMS is an 
opportunity to kick-start discussion on issues that are sometimes left on the back-burner, for instance by 
reviving safety documentation between the six-year commissioning authorisation renewal period (as per 
French law). The process involves clarifying and/or restating individual tunnel operation roles and 
responsibilities, and encourages discussion and coordination between bodies. 
 
CETU made clear that the working group has complete freedom of expression under the “just culture”* 
model. 
 
(*) Just Culture is a concept related to systems thinking which emphasizes that mistakes are generally a 
product of faulty organisational cultures, rather than solely brought about by the person or persons 
directly involved. In a just culture, after an incident, the question asked is, “What went wrong?” rather 
than “Who caused the problem?”(Wikipedia). 
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Figure 3 Safety Management System 
 
Actions undertaken by operating bodies: progress to date 
All operating bodies have taken ownership of the process, with SMS leads playing a decisive role in this 
respect. Each one completed a baseline analysis prior to implementing the process, then defined the 
relevant scope, taking into account priorities and the local context. Most have drawn up roadmaps and a 
formal action plan with timings.  
 
All operating bodies have completed a risk identification exercise, with some even defining priority risks 
based on their assessment, or on areas for improvement raised during routine feedback. 
 
All operating bodies have thought carefully about training and skills management needs, and about asset 
(equipment) management (including maintenance) and civil engineering, drawing on the subjects 
discussed at SMS working group meetings. 
 
Two operating bodies have drawn up a safety policy crystallising the commitments made by senior 
management, while half of the operating bodies have begun work on formalising a simplified version of 
the SMS manual. 
 
In conclusion, a significant amount of work has been done already, but some aspects of the SMS will need 
to be addressed at future working group meetings. Operating bodies have also raised other potential areas 
for discussion, such as the articulation between safety documentation and the SMS, network safety, and 
interventions during works (sometimes while tunnels remain open), including joint activity 
considerations. 
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Figure 4 Inspection in Lioran tunnel, France 
 
 
Roadmap: 
The attendees drew up a joint roadmap on the basis of these discussions. 
 
The first phase, as defined in the roadmap, involves consolidating and fine-tuning efforts that have already 
begun and developing an initial, experimental SMS in the first half of 2019.  
 
The second phase, covering late 2019 and early 2020, will involve CETU carrying out two types of 
diagnosis:  

• Literature-based diagnosis, based on a review of each operating body’s framework 
documentation. 

• Diagnosis on the ground, based on meetings and discussions between CETU (as the process 
lead) and key stakeholders from operating bodies. In both cases, CETU will focus on the 
following aspects in particular: roles and responsibilities, training and skills management, asset 
(equipment) management and civil engineering, and feedback arrangements. 
 

The results of the diagnosis exercises may be presented at a seminar to be held in 2020. Once the 
exercises are complete, improvement plans will be drawn up, again with CETU’s support (either 
bilaterally or through SMS working groups). The aim is to have consolidated SMS in place by 2021. 
 
 
4.2 Initial findings from the literature-based diagnoses: 
 
At the time of writing, CETU has reviewed the documentation of two of the eight operating bodies. The 
initial findings are summarised below.  
 
Initial findings from the literature-based diagnoses: 
 
The framework documents that CETU examined were, in general, extremely satisfactory.  
 
The SMS manual is well-written and provides a coherent, systemic overview of all relevant activities. In 
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that sense, it contains everything needed to achieve progress on Tunnel SMS deployment. The latest 
version reflects extensive compilation and formalisation work. Although some topics are covered in less 
detail than others, or are still incomplete, the operating bodies are clear about the work that needs to be 
done to turn the SMS manual into a key document that sets out their organisation-wide approach to safety. 
 
The diagnoses on the ground will provide an opportunity to check whether the arrangements set out in the 
manual have been shared widely and understood, and whether the practices are applied as described. 
 
Once all eight diagnoses are complete (literature-based and on the ground), the main lessons learned could 
be detailed in other publications. 
 
 
5 CONCLUSION   
 
During the midway progress seminar organised in June 2018, French State tunnel operator bodies 
expressed that there were noticeable first benefits. They reported that the roles of the various stakeholders 
in the operation units had been clarified, the leading team and tunnel operation units were more involved 
in tunnel safety issues, the approach brought an added value and enabled staff to take a step back, and that 
some of them were considering extending this approach to road operation beyond tunnels. 
 
After building a Tunnel SMS, the next step is to implement it. For their experimental Tunnel SMS, French 
State tunnel operator bodies were due to prepare a set of framework documents by early 2019. The next 
and immediate challenge for them will be to implement their experimental Tunnel SMS on the field and 
to involve all tunnel stakeholders. Then the experimental Tunnel SMS will be experienced, gradually 
complemented, adapted, improved, with the objective of reaching a “consolidated” status in 2021, and 
then continue to evolve under the rule of continuous improvement. 
 
An inescapable provision of the SMS is its assessment framework, which may involve an annual review, 
and a set of internal audits and external audits. In 2019, CETU started playing a new role alongside tunnel 
operator bodies, and intervened in their Tunnel SMS assessment frameworks by conducting external 
audits of all the experimental Tunnel SMS. The aim for CETU will be to contribute to the improvement of 
each experimental Tunnel SMS, by identifying strong points and suggested improvements. The main 
findings brought from these audits will be published in future papers. 
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ABSTRACT 
The Swedish Transport Agency and the Swedish Transport Administration have completed a R&D 
project ‘Common life safety targets in traffic tunnels’ in which a common life-safety target was 
formulated, with a clear link to public benefit for users of road, rail, tramway and subway tunnels. The 
findings concludes that the suggested levels provide a life-safety target that is optimised in terms of 
both societal cost and politically stated safety targets for the transport sector. The results, which are 
presented in this paper, will be the basis for a forthcoming national legislation. 
 
Quantitatively verifiable target levels have been developed, in which the probability of fatalities per 
person-km and acceptance criterias are established using two F/N-curves – one upper and one lower, 
with an ALARP zone between them. Sensitivity analyses have been carried out for the chosen levels, 
and results are presented regarding the positive and negative aspects of recommended levels from a 
regulatory perspective. 
 
INTRODUCTION 
Background 
During a national re-evaluation of the responsibilities of government authorities and organisations in 
the road and rail transportation area, the roles of authorities were divided into regulatory (regulation 
and oversight) and administrative (building, operating, and maintaining roads and railways) ones when 
Transportstyrelsen (the Swedish Transport Agency; STA) and Trafikverket (the Swedish Transport 
Administration) were established in 2009 and 2010, respectively. The purposes of these two 
government authorities are, among other things, to guarantee an effective and reliable regulation of all 
modes of transport, and to ensure uniformity and the equal treatment of all modes of transport insofar 
as this is possible. 
 
The STA was later authorised to regulate, issue permits, and (in part) oversee the requirements that 
society poses on roads, railways, tramways, and subway routes, including, among other things, ‘Safety 
in Case of Fire’ and ‘Safety in Use’. The Swedish Transport Administration is responsible for 
planning, building, and administrating state-owned roads and railways. The responsibility for 
planning, building, and administering the municipal road network lies with each municipality, while 
the corresponding responsibility for the Stockholm metro rests with the Stockholm County Council. 
The STA thus has overall responsibility for all modes of transportation with regard to coordinating and 
issuing national requirements and general recommendations regarding life-safety targets for the modes 
of transport of road, railway, subway, and tramway.  
 
The current rules and regulations for road, railway, subway, and tramway tunnels state the minimum 
requirements for a tunnel to which no special conditions or design considerations apply. The risks that 
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are specific to tunnels and which may have severe consequences in case of an accident include, among 
other things, fires and events involving hazardous goods. Modern tunnels are often large and have a 
high traffic load and designs that are complex, including e.g. junctions inside the tunnel.  
 
According to Swedish rules and regulations, risk analyses must be performed in order to ensure that 
road, tramway, and subway tunnels are designed such that they are sufficiently safe for road users and 
passengers. Optimising safety in a specific tunnel, however, relies on some form of generally accepted 
target level for acceptable safety – a common life-safety target. This is lacking in current rules and 
regulations, which leaves room for interpretation in relation to planning and administration when cost 
is weighed against public benefit. Without such a target, it is difficult to determine whether the 
functional requirements in the current legislation have been fulfilled in reality. 
 
With this background, the STA and the Swedish Transport Administration initiated two R&D projects 
that aim to propose a well-balanced lowest acceptable safety level for road, railway, subway, and 
tramway tunnels based on risk and socio-economic analyses, and to link these life-safety objectives to 
a suitable verification method. The STA and the Swedish Transport Administration have created two 
reports on the R&D projects ‘Common life safety targets in traffic tunnels’. The first report in 2016 [1] 
showed that it is possible to formulate a common life-safety target, with a clear link to public benefit 
for users of road, rail, tramway and subway tunnels. The second report in 2019 [2] continued the work, 
developing and verifying the conclusions of the first report and forming a basis for forthcoming 
national legislation. This paper is based on these two research reports. 
 
In the projects delimitations were made as to exclude train, subway, and tram stations that are situated 
underground and limiting the proposals for life-safety targets so as to apply them only to new tunnels. 
Furthermore, the selected safety level should take the national life-safety targets for the country’s road 
network as a whole into consideration. 
 
The project results will be used by the STA as a basis for creating national requirements and issuing 
general recommendations and accompanying impact assessments in the coming drafting of regulations 
pertaining to tunnel safety. With regard to implementation phases, the expected result is that the safety 
requirements in tunnels will become clearer; this will reduce arbitrary interpretations and ensure that 
the requirements are well-balanced, based on societal benefit, and harmonised with the national 
standards for other transportation infrastructure with regard to risk. Clear life-safety targets lead to 
more efficient building processes in that the correct measures can be applied during planning and 
construction, and tunnel managers can apply efficient, risk-based working methods. 
 
The basis on which common life-safety targets are formulated 
The regulation of the safety level of a tunnel can be considered as being the desire of society to ensure 
that the risk levels of tunnels in general do not exceed acceptable limits. Normally, one of the 
following criteria is used to formulate what is considered to be acceptably safe: 
• fulfilment of detailed requirements and regulations regarding design 
• comparison with reference objects 
• calculation and evaluation of risk 

The object of [2] was to propose a suitable risk level for the third item, i.e. a quantitative life-safety 
target. 
 
In the first report [1], different examples and reference cases were compared and it was shown that 
risk curves from several large tunnel projects correspond relatively well. As a result, it was assessed to 
be appropriate to use these reference cases as a basis on which to formulate a common life-safety 
target. The starting point for this work was thus analysis of the impact of the earlier proposal. 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

100



 
Accidents that occur in tunnels are generally collective in nature. This means that a road traffic 
accident, for example, is the same type of accident regardless of whether it occurs in a tunnel or on the 
surface. Generally, the way in which a tunnel is constructed does not affect the outcome of the 
accident as much as road lines, speed, and the design of the vehicles involved. The victims of 
accidents are most often the people in the vehicle(s) involved in the accident. In typical tunnel 
accidents such as fires, the sequence of events and the consequences of the accident are influenced by 
the design of the tunnel, and the encompassing structure determines which other road users and 
passengers in the tunnel are affected by the accident. Based on this, a societal risk measure, rather than 
consideration of the risk posed to individuals, was assessed to be the suitable risk measure for 
formulating a common life-safety target for tunnels. 
 
Risk exposure measures can be formulated in many different ways. In international literature, e.g. [3], 
the predominant risk measures for describing individual and societal risk in traffic systems are PLL 
(Potential Loss of Life) values and F/N (frequency-number) curves. F/N curves appear to be a relevant 
measure for establishing a risk profile in order to evaluate individual facilities. Other measures, such 
as PPL values, describe the expected total number of fatalities – which does not provide any additional 
information to that provided by an F/N curve – rather than the form of the risk profile. 
 
Exposure measures constitute an important aspect of the formulation of a common life-safety target. 
These are the units of measurement against which risk is standardised. In the context of risk 
assessment, it is common for risk to be expressed per year, per worked hour, per vehicle-km, per 
tunnel-km, etc. One problem with standardising e.g. an F/N graph for a tunnel against year is that as 
many fatalities are predicted per year for a long, heavily trafficked tunnel as for a short, lightly 
trafficked one. Other units of measurement include vehicle-km, tunnel-km, etc. 
 
During previous comparisons of different projects, the best concordance was reached through 
standardisation against person-km. Person-km is also an exposure measure that provides a natural 
connection to the public benefit of the facility, and so is the proposed measure. 
 
DESIGN OF A COMMON LIFE-SAFETY TARGET USING AN F/N GRAPH 
With the above discussion as a starting point, the foundations of a common life-safety target exist. An 
F/N curve can be said to consist of five different parts that need to be determined (Figure 1): 
 

A. Upper acceptance limit 
B. Lower acceptance limit 
C. ALARP zone 
D. Limit for low number of fatalities 
E. Limit for unlikely accidents 
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Figure 1: Illustration of which parts of the F/N curve need to be determined: Upper acceptance limit 
(A), Lower acceptance limit (B), ALARP zone (C), Limit for low number of  fatalities (D), and Limit 
for unlikely accidents (E). 
 
The upper and lower acceptance limits of an F/N curve need to be given with a slope. A slope of -1 
can be said to signify that there is no risk aversion. A slope of less than -1 can be said to signify a risk 
aversion. Society can be said to have a general risk aversion towards large accidents, which is shown 
by the fact that large accidents have a tendency to influence society more than small accidents (even if 
the total number of fatalities is the same). Despite this, the slope of the common life-safety target has 
been set to -1. This is due to it being assessed that there is no basis for the use of a mandatory 
provision with a curve that values human lives differently depending on the type of accident they were 
involved in. If a steeper slope were to be applied, this would mean that lives in tunnels are valued 
more highly than lives on the surface in cost-benefit analyses. 
 
Based on the discussion presented above, it is assessed that the common life-safety target could 
suitably be formulated as a societal risk measure expressed as an F/N curve. A slope of -1 is used, 
meaning no aversion against large accidents, and the exposure measure is person-km. 
Upper acceptance limit 
An upper acceptance limit (A) has pedagogical significance with regard to the communication of the 
results of risk analyses as it provides a level to relate to. It clearly states what is considered to be a 
high risk in relation to the results of the risk analysis. 
 
In a the first report ‘Common life safety targets in traffic tunnels’ [1] the (fictional) starting point for 
the upper acceptance limit was suggested to be N=1 for 1*10-4 per million person-km, and a slope of -
1 was used, as is shown in Figure 1. 
 
A lowering of the upper acceptance limit by one power of ten would mean that some tunnel projects 
that were discussed in the ‘Common life safety targets in traffic tunnels’ report would have great 
difficulty fulfilling the criterion (Figure 2). 
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A lowering of the criterion is thus assessed to lead to it being difficult or impossible to demonstrate 
that the criterion is fulfilled for several tunnels. The criterion would also involve increased costs 
compared to the current situation. A lowering would also mean that the safety levels of tunnels that are 
currently being built or have recently commenced operation would not be considered to be 
satisfactory. 
 

 
Figure 2: Proposed criterion (dotted lines) and reported analysis results, expressed as F/N curves for 
different tunnel projects described in the ‘Common life safety targets in traffic tunnels’ report. A 
lowered upper acceptance limit (red line) is shown. 
 
Lowering the upper acceptance limit could be motivated by the strive towards Vision Zero with regard 
to traffic fatalities. However, the question of tunnel safety should not drive this endeavour, as the 
contribution of tunnels to the total number of traffic fatalities is marginal. As long as the risk level is 
within the ALARP zone, cost-effective measures should still be undertaken. The degree of cost-
efficiency can be regulated continually by adjusting the value of injuries and fatalities in these 
analyses. It is also possible to lower the safety requirements if the risk level is close to the upper 
acceptance limit by accepting measures with a negative cost/benefit quotient. 
 
Within the zone that the criterion is proposed to encompass, it is possible for the projects that were 
analyzed in the ‘Common life safety targets in traffic tunnels’ report to fulfil the proposed criterion. A 
raising of the upper acceptance limit could thus potentially mean deterioration as compared to the 
present level. The current rules and regulations result in a certain risk level. A raising of the upper 
acceptance limit can lead to a higher level of risk being tolerated. This is not assessed to be reasonable.  

Tunnel risk standardized against traffic volume 
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Figure 3: Proposed criterion (dotted lines) and reported analysis results, expressed as F/N curves for 
different tunnel projects described in the ‘Common life safety targets in traffic tunnels’ report. A 
raised upper acceptance limit (red line) is shown. 
 

Lower acceptance limit 
A lower acceptance limit (B) has pedagogical significance with regard to the communication of the 
results of risk analyses as it provides a level to relate to. The limit clearly states what can be 
considered to be low in relation to the upper limit and the results of the risk analysis. In some cases, 
this limit can reduce the need for investigation of further measures if it is possible to prove that the 
risk level is already low for the accident categories that are targeted by the measures. 
 
In practice, the decision as to where the lower acceptance limit is set is generally not very important 
with regard to the level of risk to road users, passengers, and public finances, provided a reasonable 
method for calculating cost/benefit is used. The reason for setting a lower limit is to facilitate the 
communication of results and reduce the need for cost-benefit investigations of measures that provide 
limited safety benefits.  
 
In the ‘Common life safety targets in traffic tunnels’ report [1], the (fictional) starting point for the 
lower acceptance limit was suggested to be N=1 for 1*10-7 per million person-km, and a slope of -1 
was used, as is shown in Figure 1. 
 
Given an upper acceptance limit according to the above, a lowering of the lower acceptance limit 
yields an ALARP zone of four powers of ten. Such a large zone undermines the significance of risk 
criteria, and consequently the lower limit loses its importance as a point of reference to some extent. 
Lowering the lower limit may lead to a requirement for investigations into safety-increasing measures 
which are not cost-efficient. 
 
For some of the studied railway tunnels, raising the lower acceptance limit would lead to the 
calculated frequency of accidents involving multiple or double-digit fatalities falling below the lower 
acceptance limit. It is assessed to be reasonable that possible measures for limiting serious 
consequences within and just above this consequence zone are evaluated, and not discounted based 
solely on their low frequency. For the majority of the studied tunnels, a raising of the lower acceptance 
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limit would not be of significant importance (Figure 4). Maintaining the proposed level can rather be 
seen as a precaution that ensures that possible safety-increasing measures are considered. 
 

 
Figure 4: Proposed criterion and reported analysis results from the ‘Common life safety targets in 
traffic tunnels’ report, with a raised upper acceptance limit (blue line). 
 
ALARP (As Low As Reasonably Practicable) 
As is discussed above, an advantage of setting upper and lower acceptance limits is that these are 
useful in practice, and visually depicts how safe a tunnel is in relation to a certain level. It is thus 
useful in practice during the performing of risk analyses and subsequent communication of their 
results. The zone between the upper and lower limits is termed ‘ALARP’ (C), and the size of the zone 
is a direct consequence of where the two limits are set. It should, however, be noted that:  

• If the upper limit is considered to correspond to a risk level that is unacceptable and the lower 
limit corresponds to a level that is so low that further measures need not be taken, the 
difference should be large enough that the risk level at the lower limit can be considered 
negligible (or at least very low) compared to the upper limit. In some contexts, this has been 
interpreted as meaning that the lower risk limit should be set as no more than one percent of 
the upper limit. [4] 

• Based on the uncertainties that normally exist in risk analyses, it is reasonable to state a 
minimum size for the ALARP zone. An overly narrow zone may result in a risk profile that 
lies simultaneously within the acceptable, unacceptable, and ALARP zones, which should be 
avoided. 

 
Based on the above, it is assessed that the size of the ALARP zone should be at least two powers of 
ten, which is achieved using the upper and lower acceptance limits proposed above. 
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Accidents with low number of fatalities 
There are clear differences between the modes of transport with regard to accidents resulting in a low 
number of fatalities. These accidents generally occur more frequently, and so there are often 
experiential and empirical connections that are normally directly worked into regulations in form of as 
mandatory measures. It is thus proposed that the common life-safety target not be stated as a risk 
measure on the F/N curve for accidents involving a low number of fatalities. As is discussed above, 
the outcomes of these types of accident are rarely related to the design of tunnels.  
 
The starting point for this investigation was thus that accidents involving a low number of fatalities are 
excluded from the F/N graph. This does not in itself mean that accidents involving a low number of 
fatalities are to be disregarded in a tunnel project; rather, they should be handled using different 
methods, e.g. by developing requirements and regulations regarding design.   
 
Accidents involving a low number of fatalities that occur in road tunnels cannot generally be 
considered to be tunnel-specific with regard to either cause or consequences; instead, they are 
‘ordinary’ traffic accidents. Measures to handle these risks are thus undertaken primarily based on 
empirical data, rather than on the results of risk analyses for tunnels. 
 
A summary of accidents involving motor vehicles on the Swedish road network that were reported in 
the Swedish national information system Strada for the years 2013–2017 is shown in Figure 5. This 
shows that 80% of the total number of fatalities that occurred on the road network were single-fatality 
accidents. 
 

 
Figure 5: Total number of fatalities in accidents involving 1 to 5 fatalities on the Swedish road 
network. Data from Strada, Swedish Traffic Accident Data Acquisition, Swedish Transport Agency. 
Strada is based on data from the Swedish police and healthcare systems. 
 
For tunnels in which there are tracks, the primary risk is serious accidents such as fires or derailings. 
These accidents can result in fatality numbers ranging from one or few to hundreds. In the ‘low 
number of fatality’ zone, the dominant risks are ‘residual risks’, e.g. that a certain percentage of the 
people in a carriage in which a fire occurs are unable to evacuate even in the event of a small fire. Risk 
levels in this zone of the F/N graph are to some extent difficult to influence using safety-increasing 
measures implemented during the design of a tunnel. 
 
Given the level of the upper acceptance limit and slope of -1, deciding on too low a limit may lead to 
requirements to invest unreasonably large resources in order to fulfil the criterion. Deciding on too 
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high a limit may undermine the common life-safety target and lead to tunnel-specific accidents not 
being included in to the risk analysis.  
The term ‘low number of fatalities’ is reasonably a fairly narrow term that can range from two to five, 
up to even ten fatalities. The exact value within this interval should, quite reasonably, not be of any 
greater significance.  
 
In the ‘Life safety targets in tunnels’ report [2], it was proposed that the criterion begin at N=3, as is 
shown in Figure 1. 
 
A value lower than three means that the criterion should be applied to accidents involving two or more 
fatalities. The arguments against this approach are the same as for setting a limit on several fatalities at 
all. A value of greater than three means that the criterion should be applied to accidents involving four 
or more fatalities. Somewhere, there is a point at which tunnel-specific consequences play a significant 
role in the outcomes of accidents, and where it is possible to influence the consequences through 
decisions made regarding tunnel design and equipment. This point is, however, not defined. A value of 
three or lower is assessed to be a conservative choice, and is a cautious strategy that ensures that risks 
are not underestimated with regard to the significance of tunnel-specific accidents. 
 
Unlikely accidents 
Fortunately, accidents involving several hundred or thousands of fatalities are very rare, and the cause 
or combination of causes may be difficult to determine theoretically. The basis provided by the 
analyses of the previous report does not give a concordant picture of accidents involving several 
hundred or more fatalities, and the probability of the occurrence of these is in the order of magnitude 
of 10-10 per million person-km. It is thus assessed to be reasonable that accidents with a very low 
probability can be excluded from the F/N graph. In a previously published report [2], it was concluded 
that ‘unlikely accidents’ were to be excluded, even though the accidents with a very low probability 
and large consequences were most relevant to the discussion. In an earlier report [1], it was concluded 
that accidents involving severe consequences (300 to 500 fatalities) should be excluded. There is thus 
a difference compared to the earlier report, motivated by the conclusion that the probability of 
occurrence, rather than severity of consequences, should be the key point of discussion with regard to 
an accident that can be said to be so unlikely to occur that it can be excluded from the analysis. 
 
The limit for unlikely accidents is of significant importance to which types of accidents should be 
included in a risk analysis. In this context, what is possible to analyse and influence and what is not 
should also be taken into consideration. The limit for unlikely accidents can also be of importance to 
public finances. A level that is too low as regards which probabilities are to be included in the analysis 
may mean that the significance of accidents that are traditionally dealt with using risk analyses (e.g. 
fires) is overestimated as compared to accidents that are handled in other ways or not analysed at all 
(e.g. structural collapse, extreme natural events, sabotage). The risk of this causing unwanted socio-
economic effects, with measures resulting in negative cost/benefit effects, decreases more with a slope 
of -1 than one of -2. A level that is too high regarding which probabilities are to be discounted from 
the analysis could mean that the significance of the common life-safety target is undermined, and an 
unreasonably high risk level is tolerated.  
 
No limit for unlikely accidents has been proposed in the ‘Life-safety targets in tunnels’ report [2]. A 
limit based on the number of fatalities is discussed in the report, although this relates to accidents 
involving extreme consequences with a very low probability of occurring. As is discussed above, 
however, it is considered reasonable that the level of probability is more important than the scale of 
the consequences. 
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The following conclusions can, however, be drawn based on the analyses presented in the ‘Life-safety 
targets in tunnels’ report: 
• For frequencies in the order of magnitude of 1*10-9 to 1*10-10 per million person-km, analyses that 

in other respects are fairly concordant present results that diverge from one another. This may 
indicate that the uncertainties are large for this interval, as well as for even lower frequencies.  

• Calculated F/N curves generally fall steeply for frequencies in the orders of magnitude of 1*10-9 to 
1*10-10 per million person-km. With a slope of -1 for the acceptance limits, the criterion loses 
relevance in this zone. 

Given that probability is the most important factor, the following approaches to dealing with unlikely 
accidents in a risk analysis are reasonable: 
1. Unlikely accidents are excluded entirely from the quantitative analysis. Thus, there is no need to 

incorporate a limit in the F/N graph, but a level for what can be considered to be unlikely should 
be established. 

2. A criterion for unlikely accidents is expressed as ‘per million person-km’, and input as a 
permanent line in the F/N graph in the same way as is done for ‘low number of fatalities’. 

3. A criterion for unlikely accidents is expressed as ‘per tunnel-km’ (or other length), converted to 
‘per million person-km’ specifically for a tunnel that is to be analysed, and input into the F/N 
graph for the tunnel in question. 

4. A limit for unlikely accidents is not formulated. This means that the question is to be dealt with on 
an individual basis, for each project, which is the current approach. 

The possible approaches to and advantages and disadvantages of these principles are discussed below. 
 
Principle 1. Unlikely accidents are excluded from the quantitative analysis 
The first question, then, is what is a sufficiently low probability? A starting point for this is the EU 
standards for construction being applied according to Eurocode, in which an ‘acceptable risk of 
collapse’ for structures involving severe consequences in the event of a collapse is stated as 10-6 per 
year. For railway tunnels, a comparison (with some reservations) can be made against tolerable risk 
with regard to safety-critical errors in safety equipment, which may lead to the equipment not 
preventing e.g. a collision between railway vehicles or a railway vehicle derailing. This means that for 
an accident to be assessed as ‘unlikely’ and thus excluded from the quantitative risk analysis, it should 
have an assessed probability of 1*10-7 per tunnel-km per year or lower. The advantages and 
disadvantages of the use of this principle include: 
• (+) Accidents with a generally accepted low probability can be excluded from the analysis. 
• (-) One of the purposes of having a limit for unlikely accidents is to avoid ‘unnecessary’ analysis 

work; however, in order to be able to assess whether an accident has a sufficiently low probability, 
some form of analysis is often required. 

• (-) In a risk analysis, events leading up to the accident are often broken down into a number of 
subordinate events. For example, ‘emission of hazardous goods’ is divided into the type of goods, 
size of the leak, whether ignition takes place, whether an explosion occurs, etc. This means that 
there is a risk that accidents are broken down into subordinate events that each have a sufficiently 
low probability as to be excluded from the analysis, thus excluding the accident as a whole. It is 
assessed to be difficult to write robust and practical regulations in order to deal with this. 

Principle 2. A criterion for unlikely accidents is expressed as ‘per million person-km’, and input as a 
permanent line in the F/N graph.  
The parameter ‘million person-km’ varies widely between different tunnels: 
• The railway tunnels of the East Link: c. 15-250 million person-km/year (based on an average of 

190 trains/day, 460 passengers per train, and a tunnel length of 0.5-8 km). 
• The West Link: c. 1,000 million person-km/year. 
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• The Blue Line of the Stockholm metro: c. 520 million person-km/year1. 

There are, naturally, tunnels with lower traffic volumes than these. 
If a limit for unlikely accidents is set to 1*10-9 per million person-km, this results in a frequency per 
year of c. 1*10-6 for the West Link. For a short tunnel in the East Link, the corresponding frequency 
would then be c. 2*10-8.  
The advantages and disadvantages of the use of this principle include: 
• (+) Simplicity, with a permanent line in the F/N graph to relate to. 
• (-) As the purpose of the lower limit is to more easily deal with accidents that do not contribute to 

total risk (as compared to accidents such as earthquakes and faults in materials/structures), it does 
not appear to be reasonable for the frequency to vary by several powers of ten between tunnels, 
depending on traffic volume. 

• (-) A higher frequency of unlikely accidents is accepted for a tunnel with high traffic volumes than 
a tunnel with low traffic volumes. This does not appear to be reasonable. 

Principle 3. A criterion for unlikely accidents is expressed as ‘per tunnel-km’ (or other length) and 
converted to ‘per million person-km’ specifically for a tunnel that is to be analysed.  
As compared to standards for construction that are applied on an individual basis, it appears to be 
reasonable to apply a lower limit per tunnel. A majority of the larger accidents to which parallels can 
be drawn are also of such a character that they affect a whole facility independently of traffic volume, 
e.g. earthquakes and meteor strikes. In order to standardise the term ‘tunnel’ and take into 
consideration the fact that tunnels vary widely in length, it is assessed to be reasonable to apply an 
exposure measure, expressed as ‘per tunnel-km’. This length is a practically useful measure, and 
corresponds to that most often used in societal risk analyses of the transportation of hazardous goods. 
Examples of conversion from ‘probability per tunnel-km’ to ‘probability per million person-km’ are 
given in Figure 6 below. In these examples, the starting point is a level of 10-7 per tunnel-km for 
unlikely accidents, based on Principle 1 above. This comprises the combined frequency for the 
accidents that are excluded. The examples are the Stockholm City Line (1.1*10-9) and a fictional road 
tunnel with a low traffic volume (2*10-7). 
 

 
Figure 6: ‘Probability per million person-km’ – Stockholm City Line (1.1*10-)9 and fictional road 
tunnel with a low traffic volume (2*10-7). 

1 The number of person-km per workday is 1433.8*103 for the Blue Line [6]. This is based on the assumption that the entire 
blue line is a continuous tunnel and the same number of journeys are undertaken every day of the year. 
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The advantages and disadvantages of the use of this principle include: 
• (+) A higher road-user/passenger flow means that more unlikely accidents (calculated per person-

km) must be taken into consideration. This appears to be reasonable. 
• (+/-) A low road-user/passenger flow can mean that the criterion is undermined, but even for the 

fictional road tunnel example (which involves a very low flow of road users), the upper acceptance 
limit maintains up to over 100 fatalities, which is why this is assessed not to be a large problem. 

• (+) In comparison to Principle 1, the criterion is robust, as it is possible to see beforehand what it 
involves.  

• (-) For the principle to be possible to apply, even unlikely accidents must be analysed 
quantitatively.  

 
Principle 4. No limit for unlikely accidents is proposed as part of the criterion. 
In summary, Principle 3 – a criterion for unlikely accidents is expressed as ‘per tunnel-km’ (or other 
length), converted to ‘per million person-km’ specifically for a tunnel that is to be analysed, and input 
into the F/N graph for the tunnel in question – has been assessed to be reasonable and provides a 
robust level, but does not add anything with regard to the performance of the risk analysis as even 
unlikely accidents must be analysed quantitatively.  
 
In addition, based on the results of previous tunnel analyses, the limit for unlikely accidents is of less 
importance when the upper acceptance limit has a slope of -1 than of -2. This is because the levels 
falls steeply in the right half of the F/N curve. Thus, there is no risk of the upper acceptance limit 
being exceeded in the right half of the curve, and so the need for measures is determined by the cost-
benefit evaluation; alternatively, the level lies below the lower acceptance limit. The summarised 
assessment is that no limit for unlikely accidents is proposed as part of the criterion – i.e. Principle 4 
holds true – as such a limit does not have any effect in practice with regard to how risk analyses are 
currently performed and evaluated. 
 
Principle 1 – unlikely accidents can be excluded from the analysis – facilitates analytical work, but 
also opens for misuse of the methodology. It is assessed to be difficult to write robust regulations that 
avoid this.  
 

PROPOSED COMMON LIFE-SAFETY TARGET 
Based on the above, the following target is proposed:  

‘The risk during transportation in road, railway, subway, and tramway tunnels shall 
be equal, expressed as risk of fatality per person-km.’ 

 
The proposed common life-safety target is presented in Figure 7. As regards the upper acceptance 
limit (A), lower acceptance limit (B), and limit for low number of fatalities (D), this corresponds to the 
proposal in the ‘Life-safety targets in tunnels’ report. Regarding unlikely accidents, however, no limit 
is proposed. 
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Figure 7: Proposed societal risk criterion. 
 
The curve can be said to be formed in such a way that the upper acceptance limit, which may never be 
exceeded, constitutes the common life-safety target. Delimitations regarding the lower acceptance 
limit and ‘low number of fatalities’ constitute support for analysis, rather than actual requirement 
limits. This can be summarised as follows: 

a. The risk may not exceed the upper acceptance limit. 
b. Further risk-reducing measures do not need to be analysed for risks that fall below the lower 

acceptance limit. 
c. Further measures targeting risks between the upper and lower acceptance limits shall be 

evaluated. Measures should be introduced if these can be demonstrated to be cost-efficient 
from a socio-economic perspective. 

d. Accidents with fewer than three fatalities can be excluded from the quantitative risk analysis. 
e. The upper acceptance limit has a fictional starting point of F=1*10-4 per million person-km at 

N=1 and a slope of -1. 
f. The lower acceptance limit has a fictional starting point of F=1*10-7 per million person-km at 

N=1 and a slope of -1. 

The reason for the choice of upper acceptance limit is that either lowering or raising it are assessed to 
have unwanted consequences. A lowering of the limit results in: 
• several new or ongoing projects having great trouble fulfilling the criterion, making it difficult or 

impossible to demonstrate that the criterion is fulfilled;  
• increased costs as compared to the present situation; 
• the position that the safety levels of new tunnels or ongoing tunnel projects will not be considered 

to be satisfactory in the future. 

 
Application of the life-safety target 
The first question that must be asked is whether the tunnel in question is covered by requirements 
relating to verifying that the common life-safety target is fulfilled. In the report [2], it is proposed that 
tunnels shorter than 500 metres are excluded. The reason for this is that tunnels shorter than 500 
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metres are not required to have any or more than one emergency route, and are subject to few 
requirements as regards technical systems. Thus, it is reasonable to assume that the common life-
safety target is fulfilled if the tunnel is designed according to the current rules and regulations, without 
the need for further analysis. 
 
If the answer to this question is no, the basic standard given in the existing regulations for the design 
of a tunnel’s safety specifications is applied. If the answer is yes, in addition to the application of the 
basic standard, a quantitative analysis shall be performed and the need for further measures be 
assessed based on the common life-safety target expressed in an F/N graph. 
 
• If the calculated risk is low (i.e. under the ALARP zone), no measures are required. 
• If the risk falls within the ALARP zone, any measures that are assessed to be cost-beneficial shall 

be implemented. 
• If the risk exceeds the ALARP zone, measures shall be implemented, regardless of cost. 

 
As several different measures are often identified for dealing with risks within the ALARP zone, all 
should be evaluated in a structured manner using a simplified analysis prior to choosing whether to 
introduce or leave out any measure and performing in-depth studies. In Figure 8, a proposal for a 
methodology and procedure for a simplified method is summarised. There is a connection between the 
assessment of risk and ALARP here, and at the same time the assessment criteria have similarities to 
those of socio-economic analyses. The assessment below can be performed at two levels; either as a 
comparison between different options with a relative gradation, e.g. much worse, worse, equal, better, 
and much better, or using an assessment of real costs according to supporting texts.  
 
If there is a need to perform a complete ASEK2 analysis, e.g. prior to the taking of investment 
decisions, this can be performed in the next step for those measures for which it is assessed to be 
relevant. The ASEK report [5] provides recommendations regarding which economic analysis 
methods and calculation principles should be applied during socio-economic analyses of measures to 
be taken in the field of transportation. The Swedish Transport Administration develops the principles 
of socio-economic analysis and calculation values that are published in ASEK.  
 

 
Figure 8: Summary of the simplified methodology for evaluating measures. 
 

2 Socioeconomic principles and estimates for the transport sector, based on guidelines from the Swedish Transport 
Administration 

1. Proposed 
measures

2. Assessed 
impact on risk 
curve

3. Assessed 
investment 
costs

4. Assessed 
maintenance 
costs

5. Assessed 
differences in 
costs of 
personal injuries

6. Assessed 
difference in cost of 
standstill

7. Assessed 
difference in 
restoration costs of 
facility

8. Other costs Assessed +/- 
cost

Other impact

State specific 
and assessed 
life span of 
system. If 
required, refer 
to descriptive 
documents.

State which 
parts of the 
risk curve are 
impacted, and 
the calculated 
number of 
lives saved. 

State Stated as a 
total for the 
assessed life 
span.

Use values for 
fatalities and 
injured 
according to 
‘ASEK/TRV’. If 
possible, also 
estimate injured 
and evaluate in 
the same way.

Assess travel time 
costs based on traffic 
load, including delays 
and alternative 
travel possibilities. 
Also include revenue 
lost as a result of toll 
closure due to an 
accident.

This is stated only if 
the damage to the 
facility is less 
extensive than 
estimated.

Here, any 
third-party 
impact and 
restoration 
costs outside 
the facility 
are stated.

Impact on nature, 
cultural heritage 
buildings, critical societal 
operations, etc.

Methodology for simplified analysis 
within ALARP

Begin by evaluating 1 and 2. Options with no or very small impact on risk are not of interest, and are not incorporated. 
Assess 3 and 4 and place them in relation to 5, 6, 7, and 8. Assess whether the measure produces a roughly positive or 

negative effect. Weigh in any other impact, and evaluate the measures that are worthy of further study.

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

112



CONCLUSIONS 
The Swedish Transport Agency and the Swedish Transport Administration have commissioned two 
reports from the R&D project ‘Common life safety targets in traffic tunnels’. The first report in 2016 
showed that it is possible to formulate a common life-safety target, with a clear link to public benefit 
for users of road, rail, tramway and subway tunnels. The second report continued this work by 
developing and verifying the conclusions of the first report, thereby forming a basis for forthcoming 
national legislation. 
 
In the first report, quantitatively verifiable target levels were developed, in which the probability of 
fatalities per person-km and acceptance criteria were established using two F/N-curves – one upper 
and one lower, with an ALARP zone between them. In the second report, sensitivity analyses were 
carried out for the chosen levels, and results are presented regarding the positive and negative aspects 
of recommended levels from a regulatory perspective. 
 
A delimitation of the recommended measures for safety targets were suggested regarding frequent 
accidents involving single fatalities and extremely unlikely accidents with many fatalities. The posited 
frequent accidents with single fatalities differ significantly between the different modes of transport, 
both in terms of frequency and the measures that could be employed to reduce the incidence of them. 
Accidents with single fatalities are also not perceived as typical ‘tunnel accidents’. 
 
The findings concludes that extremely unlikely accidents with many fatalities cannot generally be 
excluded. However, extremely unlikely accidents can still be excluded from a risk analysis for a 
specific project, provided expert knowledge concludes that the risk contribution is not significant. 
 
The link to public benefit is clear in the ALARP area, where cost-benefit analyses are used to assess 
whether additional measures need to be taken. For cost-benefit evaluation within the ALARP area, a 
new, easy-to-use semi-quantitative method is presented which can be applied alongside more 
advanced calculation models based on societal cost evaluations, with key ratios and assessment 
parameters according to ASEK. The findings also concludes that the suggested levels provide a life-
safety target that is optimised in terms of both societal cost and politically stated safety targets for the 
transport sector. 
 
The proposal is expected to achieve the following results: 

• Regardless of transportation mode, safety is optimised with regard to both the transport system 
(i.e. tunnel) and choice of risk-reducing measures. 

• The introduction of safety measures is optimised with regard to cost and benefit (ALARP). 
• The use of existing regulations, methodologies, and processes minimises the cost of 

introduction. 
 
Finally, it is concluded that the proposal promotes risk-analysis technology as a means of supporting 
continued development in the field of tunnel safety through an understanding of how risks arise and 
are managed. In addition, the proposal provides a new, easy-to-use basis for assessing cost-
effectiveness and optimising safety measures in traffic tunnels. The proposal supports common and 
accepted practice in relation to safety targets within the transport sector. The quantitative targets with a 
clear link to societal economy provides a basis for consultation with authorities and supports the 
decision-making process for safety in tunnels.  
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ABSTRACT 
 

  Incidents within tunnels, whether involving fire or not, may be regarded as falling into either 
of two categories: 

(1) those incidents which may be regarded as having been explicitly anticipated as 
possibilities and  

(2)  those incidents which may be regarded as not having been explicitly anticipated, ie 
those incidents which may be regarded as having been unanticipated. 

This classification would also apply to safety-related incidents whether they involve fire or not.  
It may be the case that an unanticipated incident may have a significant adverse consequence.  

Also, an unanticipated sequence which does not have a significant adverse effect may still be very 
important in that one or more causal factors may exist also in a different unanticipated sequence 
which does have serious adverse consequences; the effect of a causal factor deprnds on context. 
(This paper does not address the issue of what may be regarded as ‘acceptable’ or otherwise.)  

Here ‘consequence’ is taken to relate to life safety, property damage or disruption of operation. 
Given the fore-going, it becomes of primary importance to consider why an incident may be 
unanticipated and what might have been done within the system, before-hand, to mitigate any 
adverse consequences of an unanticipated event.  

This paper attempts to explore these difficult matters and aims to bring to the surface some 
pertinent issues and factors so they may be discussed further and possible measures taken with the 
ultimate objective of trying to ‘allow for the unanticipated’.  

The broad outline of the paper is as follows: [a] a very brief sketch concerning limitations on 
our understanding and a categorization of knowledge as it may relate to these issues; [b] a 
consideration of the concept of ‘unanticipated’, leading to a definition (the idea of ‘unanticipated’ 
may not be quite as clear-cut as it may appear to be prima facie); [c] some specific examples of 
unanticipated risk-related events.; [d] factors affecting whether events may be anticipated or not; 
[e] factors which help (or may help) to bring sequences or events into explicit discussion (during 
design or operation), which might otherwise remain unanticipated; [f] ways to attempt to allow for 
the unanticipated, given that every attempt has been made to anticipate; [g] concluding comments.   

 
KEYWORDS: Tunnel ; Safety ; Decision-making ; Fire ; Risk  

 

INTRODUCTION 

   The general move from prescriptive regulations to performance-based regulations is not an  
un-alloyed good. While it is desirable in principle to attempt to explicitly estimate the risk implicit in 
a system, in reality there are considerable problems. Further, the wholesale ditching of prescriptive 
regulations is not desirable as such regulations often represent a corpus of knowledge and experience 
going back over many years. An overall sound approach, or methodology, may incorporate both 
prescriptive and performance-based elements.  Such matters have been discussed elsewhere [1] and 
will not be considered further here other than to point out that a performance-based approach 
depends fundamentally upon assessments of  the risks implicit within the system and the possible 
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sequences associated with these risks. A basic part of any species of performance-based approach 
must be the concept that events of any significance are products of the working of a system; see eg 
[2]. Further, failure (eg fatality etc) within the system depends upon many different causal factors 
[3]. From the perspective of scientific investigation this creates considerable problems, quite apart 
from that of ‘what is acceptable risk?’ as raised, eg,  by Lundin [4]. This paper will not consider the 
question of what is, or is not, ‘acceptable risk’. 
 
LIMITATIONS ON KNOWLEDGE 
 
  A tunnel system is one case of a human-technical system. A human-technical system has two 
aspects: structure and process [5]. The structure consists of those aspects which are relatively stable 
and un-changing, such as the hard infra-structure of a tunnel and, in human terms, for example, the 
staff and relationships in the control room. The process refers to the ‘action’ which takes place within 
the system. The process affects the structure and vice versa. This alone makes things difficult enough 
when trying to predict events. Add to this the fact that the whole system is changing over time and it 
is not difficult to see how having some kind of understanding of how the whole sytem is going to 
behave becomes extremely difficult indeed. In the eighteenth centure David Hume, one of the 
founders of empiricism, argued that our experience of the past cannot be a proof of anything for the 
future [6]. Science is intrinsically inductive in nature, although there may be deductive aspects as part 
of scientific method as a whole. A result of this is that our knowledge of the real world can never 
aspire to be more than probabilistic in essence [7]; although for a deterministic model a probability is 
not explicit. Even if we construct deterministic models these can never give us a deterministic 
knowledge of the future; further, this is so in principle, not just because of the uncertainties and 
partialities of scientific investigation. At best, perhaps, models can give us a guide  and, in the case of 
tunnels, a rough guide. Also, of course, scientific investigation is conducted by human beings and so 
is inevitably subjective as an activity; we all approach things from our own point of view, knowledge 
base, experience etc . When the idea of ‘knowledge’ is considered further, it becomes apparent that 
knowledge is not of one homogeneous type. 
Schoemaker [8] has devised three classes of knowledge: 
 
{1} Things we know we know 
{2} Things we know we don’t know 
{3} Things we don’t know we don’t know. 
 
  However, what is to be included in each of these categories includes uncertainties and biases. 
Mackay and McKiernan [9] say that these biases include an inclination to look for “confirming 
information” as well as a tendency to over-prediction or under-prediction and over-confidence. Even 
the ‘things we know we know’ should really be ‘things we think we know we know’. For example, 
thirty years ago it would not have been uncommon for tunnel designers and operators to have 
assumed that the maximum heat release rate produced by a HGV would be of the order of about 
20MW. Now we know that it may be far more than that and possibly of the order of 200MW [10]. 
Past events are interpreted and if our interpretation is too narrow then what we actually learn from 
past events may be much less than what we may potentially learn. Further, what we infer from past 
events may actually be simply wrong because of trying to make such events fit a pre-conceived 
template which may, in fact, be inappropriate. For example, an unusual, adverse, event which has 
happened in tunnel A may be assumed to be incapable of happening in tunnel B. There is further 
discussion of this kind of mind-set in the next section. 
   In reference [9] the concepts of ‘hindsight bias’ and ‘creeping determinism’ are introduced. 
Hindsight bias takes place after the occurrence of an event and “leads people to over-estimate the 
likelihood that they could have predicted its outcome as easily using fore-sight as it was using 
hindsight after its occurrence”. This is related to the attitude ‘we knew it all along’. That is, nothing 
really needs to change, it’s just that ‘we didn’t happen to think of it before the event’. It results in 
over-confidence about our understanding of past events and consequently an over-confidence about 
how well we think we can predict future events. To some extent this may be seen as having happened 
in relation to the King’s Cross Underground Station fire of 1987 when it was realized that research 
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very relevant to the fire development had actually been published in 1971 but had become effectively 
‘buried’ [11,12]. That is, the ‘assessment system’ in the real world had left the earlier research de 
facto buried and out of view, instead of bringing it ‘in view’. The idea of hindsight bias is related to 
the concept of ‘creeping determinism’. The latter corresponds to the idea that the events of the past 
“could not have happened otherwise” [9]. In a sense, determinism with regard to past events is 
justifiable. That is, if event A (eg fatality) has happened and not event B (ie no fatality) then that has 
happened and has been ‘determined’. However, creeping determinism as applied to the process of 
investigating past events may lead to much less being genuinely learned from past events than is 
possible. One way to try to over-come this is to consider what might have happened if one or more 
factors had been different; that is counterfactuals of the ‘what if?’ type. Mackay and McKiernan have 
coigned the term ‘fore-sight bias’ for a combination of the hindsight bias and creeping determinism 
leading to a very limited perception of past events and that narrowness of perception being carried 
forward to prediction, resulting in over-confidence. The mind-set being applied to past events very 
strongly shapes the mind-set being applied to future events. 
  Suffice to say, given the three categories identified by Schoemaker, even the category of ‘things we 
know we know’ is problematic, let alone the other two. Also, our understanding of the past will  have 
a major effect on what we think may happen in the future. Viewing the past with as open and un-
biased a mind as possible becomes crucial; especially in a system which is changing rapidly. 
Inevitably, we all have our own backgrounds, prejudices, knowledge-bases etc and these will shape 
our assessments. Further, it is not just a matter of the mind-set of designers and operators; it is also a 
matter of the systems within which the designers and operators find themselves. In the case of the 
King’s Cross fire, for example, the system was not such as to make the earlier, relevant, research 
readily visible. Beyond that, of course, changing an already existing system in some significant way 
may be extremely difficult in the real world. It is evident that, overall, a dose of humility is called for 
when it comes to design and operation. (See also [10] for further discussion along these lines.) 
 
A CLASSIFICATION OF INCIDENTS 
 
   When considering past events in tunnels it becomes clear that some events or sequences had not 
been anticipated.  In order to continue it is necessary to try to say more specifically what is meant by 
‘unanticipated’. A categorization of events or sequences within tunnels may be set down as: 

 
 (1) those incidents which may be regarded as having been explicitly anticipated as 

possibilities and  
(2)  those incidents which may be regarded as not having been explicitly anticipated as 

possibilities, ie those incidents which may be regarded as having been unanticipated. 
 

Upon further consideration, however, it becomes apparent that a further differentiation is needed in 
order to gain a better understanding of what is meant and implied by ‘unanticipated’. In the 
categories below the term ‘sequence of events’ pertains to a sequence and combination of factors 
which may lead to harm. Also, ‘considered before-hand’ means considered before-hand in a 
decision-making forum. That is, it excludes the case where a possible sequence may have ‘passed 
through someone’s mind’ but not been explicitly considered in relation to decision-making 
regarding the tunnel of concern. Given this, a further categorization of events is:   
 
{a} A sequence of events has been explicitly considered before-hand, accepted as being possible 
within the tunnel of concern, and measures taken during design or operation to counter any adverse 
effects. 
{b} A sequence of events has been explicitly considered before-hand, accepted as being possible 
within the tunnel of concern, and it has been decided to take action to counter any adverse effects; 
however, effective counter measures are not yet in place. 
{c} A sequence of events has been explicitly considered before-hand and accepted as possible within 
the tunnel of concern, but it has been decided that no measures be taken to counter any adverse 
effects, even though the probability may not be very low.  
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{d} A sequence of events has been explicitly considered before-hand and accepted as being possible 
in the tunnel of concern, but it is assumed that the probability is low and insufficient attention is paid 
to it. 
{e} A sequence of events has not been explicitly considered in relation to the tunnel of concern. 
 
  Considering each of the categories: 
      Category {a}: this would include cases where a hazard has been explicitly realized and 
considered and it has been decided that the possible adverse effects must be countered.  
      Category {b}: in this case it has been accepted that counter measures must be taken but they are 
not yet in place at a time when that particular hazard becomes realized within the system. An 
example of this may be seen in the case of the ‘drone attack’ on Gatwick Airport (one of the London 
airports) in 2018 [13]. In that incident maliciously-operated drones appeared over the airport and 
halted most, if not all, flights in and out for over two days. In fact the airport authorities had 
anticipated such an attack as a possibility and were in the process of carrying out tests on a system to 
counter such a hazard. However, it seems [14] that the drone type they were attempting to counter 
was not actually the type which was used in the attack; showing the need to be as broad as possible in 
one’s counter-measures, not too narrow, even when one thinks that one has sufficiently identified a 
problem. 
     Category {c}: here it has been decided, for whatever reason, not to take any counter-measures 
even though a sequence of events with an adverse outcome has been identified as a possibility. 
Perhaps the adverse outcome has been regarded as not serious enough to warrant counter-measures. 
Evidently this is concerned with the issue of what constitutes an acceptable risk and the factors which 
govern whether or not a hazard is to be countered. Such considerations are not the subject of this 
paper and will not be considered further here; more discussion may be found in reference [15].  
      Category {d}: This corresponds to the view that a sequence may in principle come about and 
have adverse consequences in the tunnel of concern, but the probability is regarded as low meaning 
that it receives insufficient attention. This may lead to the kind of mind-set which effectively ignores 
the sequence, even though, formally, the sequence has been acknowledged. It may be regarded as 
akin to a ‘tick-box’ mentality. An obvious point to make here is that a sequence may be of low 
probability but of severe consequence. Also, the estimate of a sequence as having a low probability 
may simply be inaccurate. However, such events, which have been under-estimated, have a habit of 
happening and more than once, ie happening again when lessons should have been learned from 
previous incidents. For example, according to Vardy [16], there is evidence that in each of three rail 
tunnel fires (Baku, 1995 ; Channel Tunnel, 1996 ; Kaprun, 2000; see [17] for short accounts and 
more references) there is evidence that the train was on fire before entering the tunnel. If this is so, 
and if that possibility had been considered at the levels of design and operation before-hand, it still 
did not prevent a major fire in each case. If whatever assessments had been carried out for these 
tunnels had been more open-minded and receptive about possibilities then perhaps outcomes would 
have been less severe.  
  It may also be mentioned that in the published safety case for the Channel Tunnel [18] it says it has 
been assumed that “In the event of a HGV fire, there is a low probability of the incident train being 
unable to continue and exit the tunnel”. However, in the Channel Tunnel fires of 1996, 2006, 2008 
and 2015, all of which involved HGVs, the train stopped within the tunnel and did not continue to the 
exit. On one occasion, to the knowledge of this author, a fire on a HGV shuttle was discovered at the 
end of the journey through the tunnel, in Folkestone, in 2011; and that involved a tractor on a 
HGV trailer, not a HGV as such. Evidently this fire did not halt the train in the tunnel. This 
experience of fires on HGV shuttles certainly does not seem to accord with the view that there was a 
“low probability” of the train being unable to continue to the terminal. It appears that the estimate of 
‘low probability’ was certainly inaccurate and emphasizes that estimates of probabilities should 
always be regarded with considerable caution. 
    It may be pointed out, however, that in all the incidents where the train was halted in the tunnel it 
was possible to evacuate passengers through the service tunnel and there was no loss of life. To this 
extent the Channel Tunnel may be regarded as having been “forgiving to errors” as Gehandler [19] 
puts it. Another way to put it would be to say that the Channel Tunnel system showed itself to be 
robust; in these cases. Having said that, the fact that there were no serious injuries or fatalities in the 
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Channel Tunnel fire of 1996 is due to a large element of sheer good luck. The fire started on a HGV 
which was a long way from the amenity coach in which the HGV drivers had been travelling; if it 
had started on a HGV which was much nearer then the result may have been very different.  
  The concept of a ‘forgiving’ system is common in the nuclear industry. For example the ‘advanced 
gas-cooled (AGR) reactor’ at Torness, Scotland, has been described as a “forgiving reactor” in the 
sense that “a lot of things could go wrong and nothing very much would happen in terms of public 
safety” [20]. This may be contrasted with the pressurized water reactor (PWR) which is more 
common in the world today. For example: in a PWR if the water coolant boils it can actually increase 
the fission chain reaction; in the AGR  the chain reaction slows down with rapid increase in 
temperature of the carbon-di-oxide coolant. Also, heat may actually cause water coolant to 
dissociate, producing a hydrogen bubble. This actually happened in the Three Mile Island accident in 
the USA in 1979 [21]. This example illustrates how a system may have a ‘forgiving’ aspect intrinsic 
in the fundamental design of the system; ie via the cooling by carbon-di-oxide rather than water. 
Another way in which a system may have ‘forgiving’ aspects is to have redundancy incorporated into 
the system. 
 
   To return to Vardy, he makes reference to ‘Non-incident-specific’ information, that is the 
identification of factors which did not contribute to the specific incident but which would be 
important anyway. (For example, after a specific fire it may come to light during the investigation 
that a particular piece of equipment was faulty. While that particular piece of equipment may have 
had no bearing on the fire being considered it would raise questions about the inspection and testing 
regime.) He adds that a senior, highly experienced, railway operator has indicated to him that factors 
of this kind can, in the longer term, be as important as ‘incident-specific’ factors. The points in 
category {d} may be summarized as:  
(1)  Assessments must be regarded with considerable caution and accepted as not necessarily being 

very accurate. An assessment should be seen as a guide only, and possibly not a very good guide. 
Designers and operators minds must be open to possibilities within the tunnel of concern and it is 
important to bear in mind that if a sequence has been assessed as being of low probability, that in 
fact it may not be. If a sequence is to be regarded as effectively ‘incredible in this tunnel’ then 
there must be an extremely good reason for thinking this. The real world has a habit of biting 
back if we become complacent about our state of understanding.  

After a tunnel fire the ‘incident-specific’ information should be seriously considered in relation 
to all tunnels by designers and operators and not effectively dismissed as being of low probability 
and, in terms of mind-set, more or less ignored. Further, such assessments must be genuinely 
open-minded and receptive about possibilities, not just formal ‘tick-box’ exercises. 

(2) Information concerning factors which did not specifically contribute to the fire being 
investigated may be just as important as information about the incident-specific factors 
themselves.  

      Category {e}: in this group a sequence of events has not been explicitly considered in relation to 
the tunnel of concern. By ‘explicitly considered’ it is meant that the sequence has not been 
considered openly in a decision-making forum. It may be the case that a particular sequence has 
‘passed through the mind’ of one of the people involved in the process. However, if it has not been 
‘explicitly considered’ then, in practical terms, it has not been considered at all. 
 
UNANTICIPATED EVENTS 
 
  When we refer to something, in general converstion, as having been ‘unanticipated’ then it appears 
that the concept is fairly straight forward. Indeed, as the interpretation of words and phrases is 
usually, if not always, context dependent then it may be perfectly clear to the listener what the 
speaker has intended to say and the interpretation by the listener may correspond to the meaning 
intended by the speaker. If this is not the case, however, then serious mis-interpretation and lack of 
effective communication may arise. It becomes very important, therefore, to have clarity in the use 
of terms, especially in the scientific field and doubly so when that field involves life safety. 
 In relation to the concept of ‘unanticipated’ then, in general parlance, it appears to cut across the  
categories outlined above. For example, an air traffic controller (ATC) may say that they had ‘not 
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anticipated’ a fire on a specific aeroplane as it came into their air-space. (This author has heard an air 
traffic controller speak in similar language to this.) The ATC did not mean, of course, that the 
possibility of a fire on an aeroplane as it came into their air-space had not been explicitly considered; 
they meant that it was ‘not usual’ to have a fire and it had not been expected. Once a fire on an 
aeroplane had been realized then a procedure for dealing with it, from the stand-pont of the ATC, 
would come into effect. This example would probably come within category {a} of the classification 
of events described above. However, from the point of view of clarity  in discussing  
risk assessment and counter-measures etc then the sequences of category {a} would not, reasonably, 
be regarded as ‘unanticipated’, even if a fire in a tunnel is not ‘usual’. In this paper, an 
‘unanticipated’ event (taken to include sequences of events) is assumed to be associated with 
category {e}; that is, a sequence of events which has not been explicitly considered in a decision-
making forum. This narrower concept of ‘unanticipated’ is regarded as being more suitable from the 
point of view of scientific discussion and clarity in description than the looser concept outlined 
above which might be encountered in general conversation. 
 
EXAMPLES OF UNANTICIPATED EVENTS 
 
   Given the concept of ‘unanticipated’ as being associated with category {e} alone and not in the 
more general sense indicated in the section on ‘unanticipated events’, it is difficult to know whether 
or not a sequence which has occurred in the real world had actually been considered in a decision-
making forum before-hand. However, it is certainly possible to identify cases in which it would  
appear that an adverse incident had not been anticipated in the sense considered here.  Some specific 
cases in which it seems likely that events were unanticipated in the sense of category {e} are: 
 
(1)  The Channel Tunnel fire, 1996. 
  The Channel Tunnel fire of 1996 has been described and considered in many publications, see eg  
[22 -24]. In 1996 a fire which started on a HGV in a HGV shuttle carrier spread to involve 13 HGVs. 
Whether or not this possibility had been considered before-hand by the Eurotunnel decision-makers 
is not known to this author; it does not appear to be have been mentioned in the publicly available 
safety case [18]. However, the author is aware, from personal communication with a member of the 
risk assessment team which assessed the risks for the Channel Tunnel, that the possibility of fire 
spread from one HGV to another HGV had been considered. It seems very unlikely, however, that 
the possibility of spread to 13 HGVs had been considered as a possibility. That is, it seems that what 
happened in the 1996 Channel Tunnel fire was ‘unanticipated’ in the sense in which the word is 
being used in this paper. Also, that fire occurred fewer than three years after the tunnel having been 
opened. 
 
 
 
(2)  The Kaprun Tunnel fire, 2000 
  This fire has already been referred to earlier in this paper and will not be dealt with at length here. 
The train tunnel had a very steep slope up the side of a mountain and this had the effect that to 
escape going up was actually far more hazardous than escaping by going down, past the fire itself. 
This must have seemed rather counter-intuitive for the passengers on the train and is likely to have 
been ‘unanticipated’ in the sense in which it is being discussed here. 
 
(3) Train crash at Selby, UK, 2001 
  A crash which would almost certainly come within the category of unanticipated incidents in the 
sense of category {e} is seen in a sequence of events which occurred in 2001 [25]. The sequence 
started when a ‘Land Rover’ came off a road, for whatever reason, fell down a bank and landed on 
the east coast main railway line between Edinburgh and London. Very shortly after a passenger train 
going south crashed into the vehicle, came off the rails, but stayed upright and ran along the hard 
surface beside the track. Then a freight train, going north on an adjacent track, hit the passenger 
train. The overall sequence caused 13 fatalities and 75 injuries. 
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(4) Tram system partial closure in Edinburgh, 2014 
  By contrast with the disastrous crash at Selby, a rather light-hearted example is provided by closure 
of part of the Edinburgh tram system in 2014 [26]. Five balloons became entangled in the over-head 
cables leading to a section of the system being closed because the strings may have caused damage 
to a pantograph which connects the over-head cable to the tram. The affected section was closed for 
about two hours. A spokesperson for Edinburgh transport was unable to say whether or not this 
possibility had been considered before-hand. 
 
(5) Fire inside a patient during a surgical operation, Melbourne, 2018 [27]. 
   During an operation on a man’s chest a spark from a device that stops vessels bleeding by applying 
heat (diathermy) ignited a dry surgical pack in the patient’s chest cavity which had been placed there 
to hold instruments. The fire was put out immediately without injury to the patient and the operation 
finished, successfully.  
 
(6) Fire in the Skate-straum tunnel, Norway, 2015 
  The Skate-Straum tunnel is a sub-sea tunnel which has a steep gradient down to a lower point about 
80m below the surface of the sea and a steep gradient up at a gradient of about 10%. The fire 
involved a lorry which was carrying tanks of petrol on its trailer and further tanks on a trailer which 
it pulled via a drawbar [28]. At about 450m after the lorry had started up the incline from the bottom 
of the tunnel the trailer broke loose and hit the wall of the tunnel, causing a rupture. Petrol escaped 
and ran down the tunnel. The petrol ignited, possibly because of an explosion in the engine of a 
camper van which had been following the lorry. It has been estimated that the resulting fire exceeded 
400MW. By sheer luck, no fatalities or serious injuries resulted. This was in part because after the 
lorry had left a ferry just before going into the tunnel, the driver pulled over to allow vehicles to pass 
before going into the tunnel. The lorry had been the first off the ferry and a long line of vehicles had 
been behind it. It was later identified that the drawbar had been corroded. It is also important to 
mention that eight official inspections had failed to identify the corroded drawbar. If the lorry driver 
had not pulled over to allow vehicles to pass before entering the tunnel then it is almost certain that 
there would have been fatalities or serious injuries. This element of luck, because of the socially 
responsible behaviour by the driver in letting the other vehicles pass, probably ‘saved the day’ in 
terms of deaths and injuries. 
    
    It is likely that all of the above events were ‘unanticipated’ in the sense of category {e}. In the 
broader, colloquial, sense of being ‘not usual’, which would cut across categories as mentioned in 
the section above, they would certainly be regarded as having been ‘unanticipated’.   
 
The basic assumption should be: in a complex system (especially a human-technical system) we 
cannot know all the consequences of our actions. This means our actions in terms of design and 
operation, not just our actions after the start of an incident. This idea goes all the way back to David 
Hume in the eighteenth century, as indicated earlier in this paper. A corollary of this awareness is 
that scepticism is called for when it comes to our understanding and knowledge.  
 
FACTORS AFFECTING WHETHER EVENTS BECOME ANTICIPATED OR NOT 
 
   Some factors which impinge on whether or not an event may be anticipated have already been 
indicated or implied in the sections above. For example: 
1. Being aware that failure is a product of the working of a system. A ‘cause’ of a failure is a cause 

within a context.  
2. Being aware that the system is changing all the time. 
3. Being aware that we cannot know all the consequences of our actions; including our actions in 

devising a particular design and mode of operation. This is so in principle because of the nature 
of scientific investigatioin, not just in practical terms. 

4. Learning from past incidents ; including from ‘non-incident-specific’ information. 
5. Being aware of phenomena such as ‘hindsight bias’, ‘creeping determinism’ and ‘fore-sight 

bias’. 
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6. Trying to guard against over-confidence. This means genuinely trying to guard against it; not just 
acknowledging it in nominal (ie ‘lip service’) terms. This is very difficult as over-confidence 
tends to result from hindsight bias etc. and the existence of things ‘we know we don’t know’ as 
well as things ‘we don’t know we don’t know’. 

7. Being aware that the things ‘we know we know’ are really the things ‘we think we know we 
know’. This is especially so as the system does not stand still. ‘Change is the steady state’, as an 
Edinburgh academic once commented. Question assumptions continually. 

 
   Important factors which have not been explicitly considered so far relate to socio-economic 
pressures and  the ‘mindsets’ of people involved. These will be mentioned now. 
 
Socio-economic pressures:   
           Here, socio-economic pressures is taken to include political pressures. A very dramatic 
example is provided by the Challenger space shuttle disaster of 1986 [29]. On the morning of the 
launch it was very cold. Engineers knew that the ‘O-ring seals’ were only accepted as being reliable 
within a given temperature range and the temperature on the day was below that range. The National 
Aeronautic and Space Administration (NASA) was under pressure to keep up the rate of launches 
and this pressure was transmitted to the company involved who in turn transmitted that pressure to 
the engineers. The company recommended ‘launch’, in the face of strong mis-givings from the 
engineers. The result was a disaster. The company and NASA had persuaded themselves not to 
‘anticipate’ a disaster. This provides a stark example of how people may carry out mental contortions 
in order to persuade themselves of the validity of an option even though, without external pressure, 
they would have come to a different conclusion. A similar pressure not to delay may be seen in the 
Apollo 1 tragedy of 1969 in which 3 astronauts lost their lives [30]. 
   Such pressures are seen also in terms of economics, via the desire to save money. A designer or 
operator may persuade themselves that a cheaper option may be just as good as a more expensive 
option. While this may be so in a particular case it will not always be so. Mental contortions may be 
necessary to persuade oneself that a cheaper option is just as good as a more expensive option; ie it 
may be ‘rationalized’. There can be little doubt that the general move from prescriptive to 
performance-based regulations was in part, at least, inspired by the desire to save money. While in 
principle a performance-based approach may be desirable, in practice great caution is called for. 
Basically, socio-economic pressures may militate against anticipating an adverse event. 
These considerations about socio-economic pressures lead to a consideration about the ‘mind-set’ of 
the designer or operator and a few words about this are given next. 
Mindset 
    Many points which relate to the mind-set of the designer/operator have been raised above in this 
paper already. In this section a few extra comments are made about effects which have not been 
explicitly mentioned earlier or mentioned only very briefly. 
    Group pressure. A factor which has not been explicitly referred to so far is the effect of group 
pressure. This has been encapsulated in the term ‘Groupthink’ [3] which pertains to the tendency for 
people within a group to think in the same way. It is probably also true to say that designers often 
adopt an option because other designers (their peer group) have adopted the same option before ; that 
is ‘people often do what others have done before’, ie the ‘Cascade effect’ or ‘Bandwagon effect’ 
[31]. The author has encountered anecdotal evidence that this is the case. Tunnel  designers and 
operators may well exhibit a similar trend. 
     The system changes. A factor which has been mentioned briefly earlier in this paper is the fact 
that ‘the system changes’. If the design and operation of the tunnel is not altered to try to cope with 
these changes then a failure is much more likely. An example is seen in the Mont Blanc Tunnel fire 
of 1999 [32] in which 39 people were killed. The tunnel was opened in 1965 and, in the 34 years 
between, the volume of HGVs going through the tunnel had increased by a factor of 17 and this 
enormous increase had evidently changed the risk. Whatever changes to the tunnel system may have 
been carried out in those 34 years it was evidently not able to cope with the sequence which took 
place. Another example is provided by the Hatfield railway crash of 2002 in the United Kingdom in 
which 4 people lost their lives [33]. In this case there had been a great increase in the railway traffic 
on the track over recent years and this almost certainly had had a major effect and increased the risk. 
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Such changes in systems require corresponding changes in the minds of designers and operators but 
if the mindset is such that it tends to be fixed around the original design and original tunnel system 
then it is unlikely that necessary changes in the tunnel system will come about. As a coda, one 
obvious way in which road traffic systems are changing today is with regard to the ‘new fuels’, ie 
compressed natural gas (CNG)  etc. It is impossible to be aware of all the possible sequences of 
events which might unfold; especially as we have extremely little, if any, real-world experience of 
the use of such fuels in vehicles passing through tunnels. Also, results from all models need to be 
viewed with scepticism. Overall, hubris is not appropriate. 
    Over-confidence. This has emerged already in this paper, especially in discussing the hindsight 
bias. Here mention will be made of a publication by Russo and Schoemaker on ‘managing over-
confidence’ [34]. There is only space here for a very brief sketch of their ideas. They have discussed 
over-confidence in some detail and identified what they call “cognitive causes of overconfidence” as 
well as “physiological causes”. In the latter category they refer to hormones such as adrenalin. Of the 
cognitive causes they mention: {1} “The Availability Bias”, ie in trying to identify the ways in which 
events may unfold people tend to concentrate on what is ‘available’ to them at the time (ie mentally 
or physically), ‘what is out of sight is out of mind’. {2} “Anchoring”: people tend to ‘anchor’ on one 
value or idea. {3} “The Confirmation Bias”, people tend to look for confirmation of their already 
existing ideas; already mentioned above. {4} “The Hindsight Bias”, already mentioned above in 
‘Limitations on knowledge’. Russo and Schoemaker also suggest ways to try to counter over-
confidence. For more the reader is referred to [34]. Before leaving this section a stark example of 
over-confidence will be given as related in reference [8]. In the U.S., early in the twentieth century, 
when General Mitchell  suggested that aeroplanes might sink battleships by dropping bombs on them 
the U.S. Secretary of War, Newton Baker, said “That idea is so damned nonsensical and impossible 
that I’m willing to stand on the bridge of a battleship while that nitwit tries to hit it from the air”. 
With regard to tunnels, it may be argued that there was certainly overconfidence regarding the 
Channel Tunnel, at least in the early years and, quite possibly, still today.  
    The ‘Homomorphic mapping’ effect. The point to be made here is: it is not only necessary to have 
flexibility within the system (eg an existing tunnel system) but also to have flexibility in the mind of 
the person using the system. That is, there needs to be an ‘isomorphic mapping’ (a one-to-one) 
mapping from the potentialities within the system to the potentialities as in the mind of the user [35].  
In this effect a number of different potentialities within the system map only into one possibility in 
the mind of the operator. This means that valuable potentialities within the system may go unused. 
An example is seen in the phenomenon of ‘Automation bias’where a human being tends to let the 
automatic system (usually computer-based) do the ‘thinking and acting’, rather than the human 
themselves. This has been seen in relation to pilots flying aircraft [36] and self-driving cars [37]. In 
the latter case, one fatality has occurred already; the ‘safety driver’ failed to ‘jump in and take over’ 
when the computer failed to make a correct decision. This is not to say that computers may not be 
valuable as part of a control system, but they should very much be tools and not be allowed to totally 
dominate. In a tunnel context, an operator may have it in mind (consciously or unconsciously) that 
the computer be effectively allowed to make the decisions with regard to, eg, which sprinkler zones 
might be activated in the case of a fire, but the zones activated by the computer may not be the most 
appropriate ones. Such a fixed idea may be in the mind of a single operator only or it may be in the 
minds of a group of people, in which case it might correspond to a ‘groupthink’ bias. 
 
MEASURES WHICH MAY HELP ONE TO ANTICIPATE 
 
     Creative thinking. Trying to be genuinely aware of the factors which militate against anticipating 
an adverse sequence of events, rather than merely paying ‘lip service’, is obviously central to 
anticipating events which may not otherwise be anticipated; in the sense of category {e} of the 
‘Classification of Incidents’ section above. Many such factors have been alluded to earlier in this 
paper. In this regard any technique which attempts to open up discussion and assist conceptualizing, 
particularly in a group setting, is likely to be helpful. Becoming aware of possibilities within the 
system, which otherwise may remain hidden and not discussed is the key point. Quite a lot has been 
done in the area of human problem solving and creative thinking in particular [38-40]; there is a need 
to be aware of this and consciously try to be creative in thinking about risk. With regard to specific 
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techniques, the books of de Bono, in particular may well be useful , eg [40]. Be aware of the concepts 
of ‘incubation’ and ‘latent factors’ advanced by Turner and Reason respectively; see [41]. 
   Iteration. In the design process, adopting a methodology which is iterative is important, to allow for 
re-visiting earlier stages and re-thinking possibilities; see eg  [15,19]. The safety management system 
(SMS) which is devised as part of the design process is obviously of crucial importance. A SMS 
which attempts to be as systemic as possible is desirable [41].  
    Near misses. Studying ‘near misses’ in detail is extremely important. The view has been expressed 
by Phimister et al that “..many disasters had numerous pre-cursors, or near-misses, that were not 
properly recognized or managed” [42]. There is much more on this in [42]; see, also, [43] for the 
relevance of this to the Paddington railway disaster in 1999 . The closely related topic of small-scale 
incidents is also very important; see [44] for more on this. The ideas of Agarwal and Blockley on 
‘vulnerable systems’ are also of value [45].   
    System 4. In the review of tunnel safety carried out for the European Parliament [46] the concept 
of a ‘System 4’ is described, see also [41]. This is part of the safety management system of reference 
[41].  It is concerned with assessing the ‘Outside and future’. Reference [46] recommends that a 
‘Europe-wide System 4’ be established. This is closely linked to the concept of a ‘One Stop Shop’ 
for the ‘knowledge/practice interface’ [46]. Also, a ‘System 4*’, ie a confidential reporting system, 
would be of value [41].  
    Involve others. Learn from the experiences of operational workers of different tunnels, emergency 
workers and tunnel users [15]. Allow people to be open about mistakes, without incrimination.  
As a coda, Dester and Blockley [47] propose a tool for trying to identify ‘incubating’ conditions. 
While centred on the construction industry, it may be of value beyond that area.  
 
ATTEMPTING TO ALLOW FOR THE UNANTICIPATED 
 
  Even given every attempt to anticipate events, there will certainly be events which have not been 
anticipated, in the sense of category {e} above. Therefore flexibility needs to be built into both the 
hardware and procedures and also into the mindsets of the people involved. Points made throughout 
this paper are relevant.   In addition, some specific points are : {1} Trying to devise an inherently 
safer design, as with the AGR example mentioned in the ‘classification’ section above, and see [44]. 
A tunnel example might be the inclusion of a dedicated escape tunnel; {2} Using ‘intrinsically safe’ 
equipment; {3} Redundancy, eg what is the ‘fall-back’ if a sprinkler system should fail?; {4} 
Exercises which stretch the mind to use the full extent of the tunnel system’s capabilities, to try to 
counter the ‘homomorphic mapping’ effect described two sections above; also, ‘creative thinking’ 
exercises; {5} Use the Precautionary Principle [11]. 
 
CONCLUDING COMMENTS 
 
   The real world has a habit of tripping us up. Given the limitations on knowledge it is effectively 
certain that there will be sequences of events which have not been anticipated and that there will be 
unintended consequences of our actions. The context of ‘unanticipated events’ has been explored to 
some degree and a definition arrived at. A strong dose of humility is appropriate concerning our 
understanding of real-world systems. It is necessary to try to be aware of the limitations on our 
knowledge and the factors affecting our assessments. Only then can we attempt to counter negative 
factors and have a chance of designing systems and processes, as well as nurturing mindsets, which 
are flexible enough to be able to cope more satisfactorily with whatever the real world may cast at us. 
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ABSTRACT 
 
A methodology for determination of a railcar design fire is developed, which uses a combination of 
small and intermediate-scale testing to provide the material pyrolysis and thermal properties via a 
genetic algorithm. The properties are used in a full-scale computational fluid dynamics (CFD) model 
of a railcar fire.  
 
KEYWORD: CFD, cone calorimeter, Dakota, design fire, FDS, fire testing, genetic algorithm 
 
INTRODUCTION 
 
Railcar fires are mostly minor events that are due to a fault with the vehicle, track fires or power 
system faults. However, major fires with significant life-safety consequences (multiple casualties) can 
occur. There have been in the order of 10 to 15 catastrophic events globally over the past 100 years 
[1]. Despite the relatively small number of such incidents, the consequences can be severe. For 
instance, a subway fire of 2003 in Daegu, South Korea, killed 198 people and injured 146 people. The 
fire started inside a train car through an arson attack. The fire later spread to a second train that came 
from the opposite direction and stopped alongside the incident train. Fire-life safety (FLS) standards, 
such as NFPA 130 [2], have been developed to assure public safety. Standards typically cover design 
requirements for life-safety related items including ventilation, egress and railcar construction.  
 
NFPA 130 requires the emergency ventilation system design for an enclosed station or trainway to be 
based on the applicable fire scenarios and fire profiles [2]. The design fire, an idealization of a real 
fire occurrence [3], has a major impact on the ventilation system design. Fire heat release rates 
(FHRRs) for a flashover event, typically in the order of 20 MW or more, require large amounts of 
ventilation to manage the smoke; this requirement can be the determinant factor for the space-
proofing requirements of new or existing tunnels and/or stations. To determine a design FHRR, 
factors that need consideration include the following: 
 

• Ignition source, magnitude and location – under the railcar, internal to the passenger 
compartment, fault, deliberate event or accident. 

• Railcar material properties and their performance in a fire – tendency of materials to ignite, 
combust and sustain fire. 

• Fire mitigation technology – on board suppression, fire separation between railcars, fire 
separation between the undercar area and the main passenger compartment. 

 
NFPA 130 (Annex H.2) defines several fire scenarios and fire profiles, such as: 
 

• Fire originating outside the vehicle interior – below the railcar in the trackway or in undercar 
equipment. These tend to be minor events since the quantity of combustible material is 
relatively small and railcar floors are typically fire-rated to mitigate spread to the interior. 
Recent full-scale testing has demonstrated this point [4]. 

• Fire originating inside the vehicle interior – due to an arson event or electrical fault. These 
events are investigated herein as there is potential for large FHRRs and severe consequences. 
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The development of a design FHRR can be achieved through full-scale tests, intermediate/small-scale 
tests, and computer models. Full-scale fire tests are a reliable way to determine the fire characteristics 
of a given railcar. Due to the complexity, expense and safety risk associated with full-scale tests, there 
are relatively few such tests. Examples include an intercity railcar from South Korea in 2016 [5], the 
Metro tests in the Brunsberg tunnel in 2012 [4], and the Eureka tests in the 1990s [6]. It is generally 
not feasible to conduct full-scale tests for all railcar models, which leads to needing other methods. 
Alternative methodologies for specifying railcar design fires have been proposed, such as Li and 
Ingason’s curve fitting method in 2016, which requires knowledge about railcar fire potential and 
similar materials and configuration to other already tested railcars [7]. 
 
Small/intermediate-scale tests involve laboratory tests ranging from individual material samples to 
mock-ups of a section of a railcar. The cone calorimeter can be used to study the burning behaviour of 
individual railcar materials [8]. The cone calorimeter provides data on material ignitability, heat 
release rate, smoke production and toxic gas production. Cone calorimeter results can also be reverse-
engineered to determine thermal properties such as conductivity and heat capacity [9]. A fire hazard 
method has been proposed based on using cone calorimeter data to estimate a B-parameter, which is a 
measure of flame spread potential of individual materials [10]. In conjunction with cone calorimeter 
tests, a small-scale test of a portion of a railcar can help to understand the spread of fire and inform 
the development of a full-scale model. Several examples of approaches using a combination of small 
and intermediate-scale tests are available in the literature [11, 12, 13, 14]. 
 
Models for railcar design fire development range from spreadsheet calculations for estimating fire 
load to full-scale computational fluid dynamics (CFD) models [15, 16, 17, 18]. CFD models cannot 
take the place of testing, especially at full-scale. However, where a fire model is validated for its 
ability to capture and reflect the fire behaviour observed in physical tests, it is possible to use that 
model in a predictive capacity. Fire Dynamics Simulator (FDS) is a CFD model developed for fire 
modelling and it includes the major physical processes associated with fire and smoke movement 
[19]. FDS has been used for CFD models of railcar fires [16, 17, 18]. A noteworthy example 
application of FDS to railcar fire determination is work by Li [20], where FDS was applied, in 
conjunction with cone calorimeter and thermogravimetric analysis for material property 
determination, to replicate a full-scale railcar fire from the Metro tests. In the approach presented 
herein, FDS is used along with cone calorimeter tests, intermediate-scale fire testing, and genetic 
algorithm optimization, to determine the design fire based on a CFD model for a full-scale railcar. 
 
METHODOLOGY 
 
Combustion in FDS uses a mixing-based approach. With this method, a quantity of fuel (mixture 
fraction, Z=1) is injected into the domain at a solid surface. Combustion occurs, and a flame region is 
approximately resolved, when the fuel meets air (Z=0) and sufficient heat. The solid fuel undergoes 
pyrolysis based on the heat flux to the surface and an Arrhenius reaction model for the solid; see 
Eq. (1) [19]. The amount of fuel injected into the domain depends on, and changes with, the heat 
feedback to the solid surface. Pyrolysis is a complicated phenomenon that occurs on and within the 
surface of a burning material; material properties for pyrolysis models tend to be difficult to measure 
without advanced testing, moisture content and porosity can affect pyrolysis, and pyrolysis takes place 
at small length scales where it can be impractical to model using CFD. Despite these challenges, 
increasing computer power and model improvement is starting to see this approach used in practical 
applications [17, 18, 20].  
 
The methodology developed herein uses a combination of small and intermediate-scale testing to 
provide the data to determine material properties and calibration for development of a full-scale CFD 
model of a railcar fire. Small-scale test data are used to derive material properties for the CFD model 
via reverse-engineered calculations and genetic algorithm optimization. Figure 1 illustrates the 
process, with detailed discussion, based on a practical application, given in the following sections. 
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Figure 1 Overall design fire development approach. 
 
FIRE TESTING 
 
Laboratory-scale fire testing was necessary to determine the material properties and their burning 
behaviour. Cone calorimeter tests were used to determine individual material properties. Intermediate-
scale tests of railcar interior mock-ups were conducted to provide fire behaviour of the materials, and 
data for CFD model validation, in a configuration like the in-service condition. 
 
Cone Calorimeter Tests 
 
Figure 2 shows the interior of a typical railcar and the major combustible materials. Cone calorimeter 
tests per ASTM E1354 [8] were conducted on each material for several heat fluxes: 25 kW/m2, 
50 kW/m2 and 75 kW/m2; depending on behaviour at these heat fluxes, some materials were also 
tested at 35 kW/m2 and 65 kW/m2. The test data provided information on material ignitability, heat 
release rate, heat of combustion, smoke production, and toxic gas production. Thermal properties 
including conductivity and heat of reaction, as well as the ignition temperature, were calculated from 
the test results [9]. Density of the material was measured directly. Heat capacity was estimated from 
published data for similar materials. 
 

 
Figure 2 Railcar interior and materials tested. 
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Intermediate-Scale Tests 
 
Intermediate-scale tests were conducted to measure how materials react together in a fire scenario like 
an in-service configuration. Two intermediate-scale fire tests of a railcar interior mock-up were 
conducted in a laboratory setting. The configuration of the tests and FHRR is shown in Figure 3 and 
Figure 4. Development of the tests was guided by NFPA 265 [21] and NFPA 286 [22]. In the tests the 
FHRRs were measured via a hood exhaust and oxygen consumption calorimeter system. A propane 
burner was used for ignition. 
 

  
Figure 3 Test 1 configuration (left) with thermocouple trees visible, and FHRR (right). 
 

 
Figure 4  Test 2 configuration (left) with thermocouple trees visible, and FHRR (right). 
 
Test 1 consisted of a single seat pair in a corner with rubber flooring and wall panels. A 300 kW 
propane burner was used for the ignition source. Test 2 included four seat pairs in an aisle 
configuration, representing the end of a railcar (like Figure 2) with rubber flooring, ceiling panels, and 
wall panels. The fire spread rapidly in Test 1, as can be seen by the peak in FHRR occurring at around 
7 minutes. For Test 2, a smaller propane burner of 150 kW was used and a slower rate of fire spread 
was observed. The tests showed two distinct behaviours for the fire; rapid spread and slower spread, 
thus providing a good basis for testing CFD models. Similar intermediate-scale tests of a one third rail 
carriage mockup also demonstrated the importance of ignition source and arrangement of fuel 
materials in understanding flashover potential and fire spread [14]. 
 
SOLID FUEL PYROLYSIS MODEL 
 
FDS Pyrolysis Model and Genetic Algorithm  
 
The pyrolysis model in FDS is based on an Arrhenius reaction [19]. Equation 1 provides the 
formulation, where Ys is the normalised material density (ρs/ ρs (0)), t is time (s), A is the pre-
exponential factor (1/s), E is the activation energy (kJ/mol), R is the universal gas constant, and Ts is 
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the surface temperature (K). The reaction rate depends on the material surface temperature, which is 
influenced by incident heat flux as well as material thermal properties and fire reaction parameters. 
 

 )/exp( ss
s RTEAY

dt
dY

−−=  (1) 

 
The parameters A and E can be determined via thermogravimetric analysis, which requires small-scale 
tests in addition to the material cone calorimeter tests [19, 20]. The approach used in this study takes 
advantage of FDS’s option to input five alternative parameters in lieu of A and E: reference 
temperature, temperature range, heat of reaction, char fraction, and threshold temperature. The 
method for determining the parameters involved developing an FDS model of the cone calorimeter, 
using the thermal properties derived from the cone calorimeter tests, and iterating via a genetic 
algorithm to determine which combination of the pyrolysis model parameters gave an FHRR curve 
that best fit the test data. For any situation, there were typically three heat fluxes applied and five 
material properties to determine. The combination of all the variables that needed to be tested made it 
necessary to automate the optimization process. The software package Dakota [23] was used. A 
similar method has been reported previously and served as a basis for this work [24]. 
 
Dakota is a mathematical analysis software package used to perform tasks such as Monte Carlo 
analysis, genetic algorithm implementation, and parameter studies [23]. The idea of the genetic 
algorithm is to employ a mathematical analogue to an evolutionary process. A random population of 
design points (i.e. the first guess of the unknown variables) is chosen and a sequence of “generations” 
is then followed, with only the fittest (i.e. within a given tolerance) allowed to be continued to be 
used. In this manner, it is possible to optimize the choice of unknowns to achieve the best possible fit 
to the test data. The goodness of fit, F, is measured via the Euclidean Relative Difference (ERD) and a 
global goodness of fit function [24]. A modified form of the function, per Eq. (2), was used; a 
normalized peak FHRR and time to peak FHRR was included in the function as this was found to give 
a slightly better match to test data than the ERD alone. 
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In Eq. (2), Gi is the Euclidean relative difference at heat flux i, defined in Eq. (3). In Eq. (3), Eix is the 
test FHRR at a given time and mix is the model FHRR at time i. 
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In Eq. (2) and Eq. (4) the function, Hi, is a based on a two-dimensional x-y coordinate frame 
interpretation used to measure relative distance between the peak test FHRR, max(Eix), and the peak 
model FHRR, max(mix), and the time difference at which the peak heat is released for test and model 
respectively, time (max(Eix)) and time (max(mix)). 
 
 22 ))()((())max()(max( ixixixixx mtimeEtimemEH −+−=  (4) 
 
The parameter Hi

* (see Eq. (5)) is the normalization factor for Hi. This factor is based on distance (in a 
2D x-y coordinate frame) from the origin of the peak test FHRR and time at which the peak occurs. 
 
 22* )()max( ixixx EtimeEH +=  (5) 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

131



 
A computer script utilizing Python, Perl, and DOS tied together the optimization results of Dakota 
with the execution of FDS. A first guess was made for the unknown parameters, which were 
implemented in FDS and simulations run for each heat flux. The results were then assessed with the 
fitness function, which Dakota’s genetic algorithm processed to determine the updated input 
parameters. Figure 5 shows a graphical summary of the process. This automated process was repeated 
until the optimization convergence criterion (F minimised) was reached. Figure 6 shows some sample 
iterations performed for one material plotted against the empirical test data. The procedure was 
computationally intensive due to the large number of simulations that were needed to generate data 
for the algorithm to find an optimal solution. It was not uncommon to run 600 to 900 individual FDS 
runs. An optimization process took several hours to complete on a 125 cell FDS model. The material 
properties derived were then used in the intermediate-scale models. Further model details related to 
CFD models and pyrolysis models are described in sections following. 
 

 
Figure 5 Dakota process. 
 

 
Figure 6 Example of multiple Dakota iterations for one material (left) and best result (right). 
 
Cone Calorimeter Model 
 
The first step in determining the solid fuel pyrolysis parameters for material properties was to 
calibrate (via Dakota) CFD models of the cone calorimeter against data from physical cone 
calorimeter tests. The model geometry mimicked the laboratory cone calorimeter tests (see Figure 7). 
Grid resolutions of 100 mm (base case) and 50 mm (fine grid) were used such that the CFD models 
had a matching resolution to the intermediate-scale and full-scale models.  
 
The heating element of the CFD cone calorimeter was modelled as a constant temperature boundary 
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condition. To calibrate between the FDS modelling method and laboratory tests, the resultant radiative 
heat flux, Qrad (W/m2), for a given model heating element temperature, Th (K), was recorded and used 
along with Eq. (6) to find the effective view factor (A1-2): 
 
 ( )44

21 chrad TTAQ −= −σ   (6) 
 
In Eq. (6) σ is the Stefan-Boltzmann constant and Tc is the ambient temperature. The FDS heating 
element temperature required to correspond to the heat flux used in the small-scale tests was then 
calculated. 
 

 
Figure 7 Laboratory cone calorimeter (left) and CFD cone calorimeter (right). 
 
The exhaust hood was modelled as a ventilation boundary condition with a constant volumetric flow 
rate (0.03 m3/s), as prescribed by ASTM E1354 [8]. The other sides of the domain boundary were 
modelled with zero pressure (open) conditions [19]. The sample thickness was matched to the tests 
with a 15 mm thick insulating wool backing used [8]. Heat conduction in the solid was one-
dimensional. A material emissivity of 0.9 was used (sensitivity checks for this were inconclusive).  
 
Pyrolysis Model Details 
 
Development of the pyrolysis model required consideration of burning behaviour. From test 
observations, the railcar materials, which consisted mostly of fibre-reinforced polymers, did not easily 
burn. The comparison between intermediate-scale results for Test 1 and Test 2 and the behaviour of 
individual materials at different heat fluxes tested, suggested that materials have a minimum threshold 
energy that needed to be absorbed before pyrolysis could begin. This was seen in the FHRR plots 
from cone calorimeter tests (Figure 8) which showed a longer duration of no energy release at lower 
heat fluxes. To model this behaviour, the FDS feature to model phase change (PCR=.TRUE.) was 
used [19]. A primary material was modelled; when this material reached a threshold temperature, it 
converted into a secondary material which would then undergo pyrolysis to release combustible gases. 
 

 
Figure 8 Cone calorimeter FHRR at 25 kW/m2 and 75 kW/m2 incident heat fluxes. 
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The residue left behind after the solid had burned was typically charred remnants of the original 
material, as shown in Figure 9. Once a material had undergone pyrolysis in the model a char residue 
was left behind. Char properties were not measured as part of the tests. The CFD models used 
published data, such as the polymer tests described in the FDS Validation Guide [25] to inform 
material properties of char. Sensitivity of the results to these parameters was assumed to be negligible 
since the fire development phase is predominantly driven by incident heat flux and material pyrolysis. 
 

 
Figure 9 Cone calorimeter sample of flooring material, before and after the test. 
 
FDS can allow material thickness to change based on the properties of materials remaining after 
pyrolysis. If the residue material has a different density than the original material, FDS will 
automatically readjust the original material thickness to mimic intumescent materials or materials that 
swell due to charring [19]. For a denser residue, the original material thickness will decrease; for a 
less dense residue, the original material thickness will increase. The adjustments can be manually 
controlled in FDS by parameters ALLOW_SWELLING and ALLOW_SHRINKING. Macroscopic 
fire decay observations made in the intermediate-scale tests led to some model adjustments due to this 
feature. Cases where the charred material had a lower density than the primary material were found to 
cause excessively swelling, blocking the procession of pyrolysis and causing the macroscopic fire to 
decay rapidly once the burner was turned off (for Test 1). When the ALLOW_SWELLING and 
ALLOW_SHRINKING features were disabled, the models were found to better capture the fire decay 
rate. The overall approach used for pyrolysis is summarized in Figure 10. 
 

 
Figure 10 Pyrolysis model outline. 
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INTERMEDIATE-SCALE MODELS 
 
After the individual material and pyrolysis parameters were derived via the test data and genetic 
algorithm model, the same parameters were used for the CFD model of the intermediate-scale tests. 
Intermediate-scale tests involved one-to-one scale mock-ups of a portion of the railcar interiors. The 
goal was to have a model with an FHRR curve matching test measurements. The configurations of the 
CFD model were based on the layouts from Figure 3 and Figure 4, and the burner ignition source size 
was matched (300 kW for Test 1, 150 kW for Test 2). Configuration and results are provided in 
Figure 11 and Figure 12. 
 

  
Figure 11 Test 1 CFD configuration (left) and results (right). 
 

    
Figure 12 Test 2 CFD configuration (left) and results (right). 
 
Results showed an under-prediction of FHRR for Test 1 and an over-prediction for Test 2. Several 
material properties were tested to try and get a better match to the results, including: material 
emissivity, heat of combustion, heat of reaction, thermal backing parameters, and burner height 
(relative to the seat). No adjustment of one parameter alone could give a better result to match test 
data. The results suggested that the pyrolysis model was not accurately capturing the fire spread 
process. The pyrolysis model used in the CFD is inherently a balance of energy. For sustained 
combustion and fire spread to occur, it was necessary to have the right balance between: external heat 
fluxes, heat feedback from the fire, material properties that control the amount of energy needed to 
generate combustible gases, and the amount of heat released when the material burns.  
 
Because no single parameter could be isolated, an additional Dakota calibration was developed to 
refine material properties with the goal of a better match to test data. In the additional Dakota 
calibration, the untuned intermediate-scale CFD models went through two adjustment steps with 
consideration of the energy balance, in accordance with the pyrolysis model. The first step was an 
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adjustment of the threshold temperature (step 1.c.i in Figure 10), which effectively controlled the 
initial energy needed to start the generation of fuel vapor. As the material absorbs energy, the reaction 
product is an intermediate material which can release combustible gases (in step 2). The second step 
in the tuning was an adjustment of the heat of combustion for the intermediate material combustible 
gas. This represents the energy released and it affects the amount of heat feedback. This approach 
allowed for balancing between the amount of energy required to begin material burning, the amount 
of energy released during material burning, and the subsequent FHRR. 
 
Both intermediate-scale configurations (Test 1 and Test 2) were tuned to achieve the best possible 
overall result. The threshold temperature and heat of combustion were simultaneously adjusted for all 
combustible materials. A total of 92 Dakota iterations took eight weeks to run. Due to the substantial 
computational demand of this exercise, all models used 100 mm cells. The new parameters generated 
from the tuning process were reconfirmed to still fit reasonably well with the cone calorimeter tests 
and the differences in the resultant goodness of fit were minor. An example cone calorimeter result is 
provided in Figure 13. 
 

  
Figure 13 Resultant cone calorimeter results after intermediate-scale model tuning. 
 
The best fit FHRR curves for the subsequent intermediate-scale CFD runs are shown in Figure 14. 
There is a good match between test data and the CFD model for Test 1; the model captures the fire 
growth, peak HRR, and decay. Comparatively, Test 2 did not match as well, but results were still 
improved compared to the untuned CFD model result shown in Figure 12.  
 

  
Figure 14 Test 1 (left) and test 2 (right) FHRR results based on Dakota calibration. 
 
The CFD models showed fair matching in thermocouple data, compared to empirical data for the 
intermediate-scale tests (thermocouples were positioned at the centreline of the test room, 1.5 m in 
from the open front, with heights above floor of 0.9 m, 1.5 m and 1.9 m). Figure 15 provides a sample 
of the results and there is generally a slight under-prediction for temperature. Consistent with the 
FHRR curves, temperature comparisons were better for Test 1 than Test 2. Visual comparisons of the 
fire spread were generally similar, as shown in Figure 16 (Test 1), with some differences observed on 
the floor and seats; the model tended to predict greater fire spread over the flooring and less over the 
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seating. Attempts were made to further refine the models to account for this, but consistently better 
agreement could not be achieved. It was commonly found that one set of parameters that worked well 
for Test 1 would produce worse results for Test 2, and vice versa. The heat flux to the floor and seats 
due to radiation differences (temperature to the fourth power) is a likely cause. It was decided to move 
forward with a model that gave good results for Test 1 and over-estimated results for Test 2, since this 
approach was giving a slightly conservative (over-prediction) estimate of the FHRR. 
 

   
Figure 15 Thermocouple results, Test 1 (left) and Test 2 (right). 
 

 
Figure 16 Visual comparison of fire spread, Test 1 (left) versus CFD (right). 
 
Intermediate-Scale Models – Grid Sensitivity 
 
A CFD model should be grid independent. To test this, models were run with a refined grid density. 
For the refined cases, the grid resolution was 50 mm (eight times more cells). Computational limits 
made it impractical to test models with smaller cells. The genetic algorithm approach for determining 
properties from cone calorimeter tests was repeated on the 50 mm grid, however, the tuning of 
parameters on the intermediate-scale tests was not conducted due to the long computation time.  
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Figure 17 shows the results of the grid sensitivity study. Test 1 showed better agreement with the test 
data. This is most likely attributable to the improved resolution of temperature on the finer cells. 
Radiation heat transfer plays a significant role in fire spread, and given that the heat flux is dependent 
on temperature to the fourth power, it is possible that a finer grid resolved peak temperatures more 
accurately and thus gave a better prediction of fire spread. Based on this result, full-scale railcar 
models were run using 100 mm cells and 50 mm cells. 
 

 
Figure 17 Test 1 (left) and Test 2 (right) grid sensitivity analysis. 
 
FULL-SCALE MODELS 
 
The parameters derived from the intermediate-scale tests were transferred to a full-scale railcar model. 
Figure 18 shows the railcar interior and the model visualization. The main parameters of the railcar 
included: overall geometry (length, width, height), number of openings (doors, windows) and 
dimensions, number of seats, and surface area coverage of materials (flooring, walls, ceiling). All 
models had a grid resolution of 100 mm unless noted otherwise. A luggage fire served as the ignition 
source for the full-scale railcar model. It is possible for luggage to be the source of fire when it is 
deliberately lit (arson) or when an electronic component inside causes ignition. The luggage fire 
source used was based on a typical luggage consisting of two airplane “carry-on” bags [26]. Possible 
items inside carry-on luggage, which can be variable, were not factored in. The FHRR for the luggage 
had a peak FHRR of 500 kW. 
 

  
Figure 18 Example of railcar interior (left) and model (right). 
 
A fire source was modelled at a back corner of the railcar, under the seating. Figure 19 shows the fire 
source location. Figure 20 provides the resultant FHRR profile and the luggage FHRR profile. In the 
first five minutes, the fire remains relatively small (less than 1 MW). After approximately five 
minutes, the fire undergoes a rapid linear growth period until it reaches a peak FHRR of 72 MW, 
three minutes later. Windows were observed to have fallen out in the model due to temperatures 
reaching the temperature of glass failure. The fire decays relatively quickly after the peak is reached. 
This coordinates well with the concurrent decrease in the luggage source FHRR and consumption of 
fuel in the model. The total energy released in the 15 minute simulation period is approximately 
12 GJ. This is comparable to the energy load estimated from the material data (16 GJ).  
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Figure 19 Fire source location – back corner. 
 

 
Figure 20 FHRR resultant profile for luggage fire source in back corner of the railcar. 
 
For a qualitative comparison, the FHRR curve from a full-scale railcar test [4] is included on the same 
graph. The test FHRR curve was shifted to match the time at which the model peak FHRR was 
reached. Although the fire curve cited is based on a vehicle with different materials, ignition source, 
and fuel profile [4] from those developed for the full-scale CFD model of this paper, it is interesting to 
note how the growth rate compares to the results of this CFD model. The similar growth rates suggest 
that the amount of oxygen available (increases as windows break, temperature 345°C) once the fire 
starts to spread, is a key driver of fire propagation to flashover. The railcar in the tests [4] held a 
significant amount of luggage load on board, and this, in addition other differences noted above, helps 
explain the longer amount of time with a sustained FHRR relative to the CFD model result. 
 
Grid resolution sensitivity was considered for one instance of the full-scale model. A fine grid of 
50 mm was used and the corresponding model took 8 to 10 weeks of computation time to run to 11 
minutes of fire simulation. In contrast, the course grid model with 100 mm cells took approximately 2 
weeks to run to 15 minutes of fire simulation. The comparison of the two results is shown in Figure 
20. The fine grid peak FHRR value is lower than that of the course grid and the time to reach 
flashover is longer. This shows that the coarse grid model gives a conservative estimate of the FHRR 
profile. The growth rate is similar in each case. 
 
Visualization of the fire spread is shown in Figure 21. The fire was observed to stay relatively small 
for the first five minutes (consistent with the FHRR curve). At around five minutes, the fire started to 
spread to the walls of the railcar, and by six minutes, it had spread to the ceiling and flooring. 
Windows reached their failure temperature at around this time; this is visualized as vanishing in the 
CFD model, and therefore increase of airflow to the fire. Whether windows fall out and “vanish” or 
merely crack but remain in place in a real fire scenario is impossible to know for certain from the data 
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collected in testing. The approach of allowing windows to fall out is conservative with respect to the 
FHRR profile. Beyond six minutes, there was a rapid progression of fire. The entire vehicle was 
involved in the fire by eight minutes (flashover), corresponding to the peak FHRR.   
 

 
Figure 21 Full-scale railcar FHRR visualization. 
 
The luggage fire source was also tested with a location in the middle of the railcar. Results (see Figure 
20) demonstrate that it takes slightly longer to reach peak FHRR. This is due to the heat not being as 
constrained in this location relative to the corner case.  
 
In practice, many railcars include an on-board fire extinguisher. A scenario considered included a 
piece of luggage burning and occupant intervention to suppress the fire with an extinguisher. Two 
scenarios were considered: 1) Extinguishment started at four and a half minutes; 2) Extinguishment 
started at three minutes. Figure 22 shows the HRR profiles assumed for the luggage fire source and 
railcar FHRR when the extinguisher is employed, assuming two minutes is needed to extinguish the 
luggage fire. Results show that intervention starting at three minutes can mitigate flashover. If 
intervention is delayed the fire is observed to grow and flashover occurs. This shows a benefit to 
providing an on-board fire extinguisher and signage to encourage intervention by staff or passengers. 
 

 
Figure 22 FHRR profile for fire extinguisher intervention scenarios. 
 
CONCLUDING REMARKS 
 
When interpreting the FHRR results from previous sections, it is noted that there is not a single design 
fire scenario universally applicable; the results from this analysis are specific to the materials tested 
and configurations of tests conducted. Any application of the method herein to a specific railcar 
system would need to be conducted commensurate with the materials and scenarios of the given 
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railcar. The following points can be made on the determination of a design fire based on the results 
and method presented: 
 

• A conservative approach to modelling coupled with the complexity and thus difficulty of 
representing all the heat transfer boundary conditions (i.e. walls of the railcar comprised of 
multiple materials and construction) meant that the models were developed with boundary 
conditions such that, if materials were exposed to a sufficient amount of heat or energy, they 
would burn. 

• Flashover cases are catastrophic events. In the models, when the fire started to grow, the 
progression to flashover was extremely rapid. The fire spread was exacerbated by windows 
falling out, which then increased the FHRR, leading to more windows falling out. The 
flashover case was representative of a severe event where there is no intervention on a 
deliberately lit fire. In most real situations, staff or passengers would intervene. Models 
involving extinguishment, conducted to consider this, showed that if the intervention occurs 
early enough, the flashover event could be mitigated.  

 
The methodology presented herein uses a combination of small and intermediate-scale testing to 
provide the necessary data to determine material properties to develop a full-scale CFD model of a 
railcar fire, with the fire model based on material pyrolysis, optimized via a genetic algorithm. 
Although full-scale testing will always be the most informative and reliable tool for determination of a 
design fire, the method developed is a useful and less expensive alternative. The results presented 
show the potential of this method to examine different ignition scenarios, and the method has 
potential to factor sensitivity of results to on-board fire suppression systems. It has applicability to 
development of a design fire curve for similar railcar vehicles when used in conjunction with Li and 
Ingason’s methodology [7]. Further, the work demonstrates, for CFD models, an alternative approach 
to Li’s approach of using thermogravimetric testing to determine pyrolysis properties [20].  
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ABSTRACT 

Backlayering length and critical velocity are important indicators in longitudinally ventilated tunnel 

fire. Adopting the scale model tests and theoretical analyses, the present study explored the effects of 

tunnel aspect ratios on smoke back flow. Results show that the increase of the tunnel width will 

strengthen the heat transfer between the smoke and the tunnel ceiling, reduce the smoke layer 

thickness, and weaken the deflected effect of smokes in sidewalls and the transformation strength 

from radical to one-dimensional spreading, which results in the declining of backlayering length with 

the increase of the aspect ratio. A new prediction model for backlayering length and critical velocity 

with more complete dynamic mechanism was proposed through improving the correction coefficient 

of the aspect ratio. The prediction results of the model are in good agreement with the experimental 

data. The new model shows that under small fire conditions, uc
* gradually decreases as the aspect ratio 

increases, and eventually approaches a limiting value, which is the critical velocity without side wall 

constraints. When Q*>0.44, the determination of fire scale is independent of aspect ratio, the fire is a 

large one, while when Q*≤0.44, the determination of fire scale relies on the aspect ratio. 

KEYWORDS: Tunnel fire, Scaled model test, Back-layering length, Critical velocity, Aspect ratio. 

INTRODUCTION 

Recent decades have witnessed massive casualties and serious economic losses because of tunnel 

fires.. For example, Maoliling tunnel fire in Zhejiang in 2019, Taojiakuang tunnel fire in Shandong in 

2017, and the well-known Mont-blanc tunnel fire in 1999 [1] resulted in five, twelve and thirty-nine 

deaths respectively. In these fires, almost 85% of the deaths are caused by toxic smokes [2]. 

Therefore, smoke control in tunnel fires turns to be an important issue that has been popularly 

addressed worldwide [3]. As the key indicators in the longitudinal ventilation system design, the 

back-layering length and critical velocity have been investigated in many studies [4–11]. 

Critical velocity is defined as the minimum velocity to prevent smoke reverse flow in a longitudinally 

ventilatied tunnel fire, which ensures no smoke spreads upstream the fire source and provides a path 

for evacuation and rescue. Thomas [4] deemed that the smoke flow state is determined by smoke 

buoyancy and ventilation force. He proposed the Critical Froude theory and defined the critical 

Froude number as shown in Eq. (1), which is the ratio of smoke flow’s buoyancy force head to 

ventilation air’s velocity head. 

c 2

0

Fr
c

gH

u






= (1) 

According to Thomas, Frc=1 is the critical condition for the disappearance of smoke reserve flow. 

Thus, the prediction model of critical velocity is given as follows: 
1/3

0

c
c

p f

gQ H
u

c T A

 
=   
 

(2) 
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However, further research shows that the critical Froude number is not always a constant. It fluctuates 

around 1.15 for a small fire, and increases with the heat release rate for a large fire [5]. Danziger and 

Kennedy claimed that scale model tests presented by Lee et al. [6] showed that the critical value of Frc 

ranged from 4.5 to 6.7 when the dimensionless heat release rate was larger than 1.3 [7] . Besides, Frc 

is also dependent on the aspect ratio of the tunnel cross section [7] , and thus a constant Frc is, in fact, 

not suitable for all tunnel fire situations. 

 

Based on a series of fire tests, Oka and Atkinson [8] proposed a piecewise dimensionless model of 

critical velocity which is suitable for both small fire and large fires: 

 

*1/3 *

*

*

0.7 0.124

0.35 0.124
c

Q Q
u

Q

 
= 


 (3) 

where uc
* and Q* were defined as follows: 

 * *
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p

u Q
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c T g HgH 
=   

Note that only the tunnel height H is considered to character tunnel geometry in Eq. (3), which 

indicates that this model is independent of the tunnel width. However, many experimental results [9–

11] have shown that the tunnel width also has an influence on the critical velocity. 

 

To investigate the influence of cross-section on critical velocity, Wu and Baker [9] carried out a series 

of tests in modelling tunnels with aspect to the ratio ranging from 0.5 to 4.0. They corrected Oka’s 

model [8] by using the tunnel hydraulic diameterH instead of the tunnel height H, and the following 

equation was given: 

 

'1/3 '
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where uc
’ and Q’ were defined as follows: 
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However, it should be kept in mind that height and width is equivalent in the calculation of hydraulic 

diameter. However, the tunnel height mainly has an influence on the increasing of plume vertical, 

while the tunnel width on the smoke transverse spread. Using hydraulic diameter as the character 

geometry cannot reflect different mechanisms. Besides, water spray device was used in Oka’s [8] and 

Wu’s [9] tests to protect the model tunnel. It may enhance the heat loss of smoke flow and decrease 

the buoyancy force head, and hence cause a lower test value of critical velocity [11]. 

 

Based on Alpert’s work on ceiling jets [12], Kunsch [10] proposed a diagram of the tunnel fire smoke 

movement process which contains plume region, radially spread region and one-dimensional spread 

region. A theoretical prediction model of critical velocity including the effect of tunnel geometry and 

heat release rate was given: 
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where, 
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It should be noted that several simplifying assumptions are made in Kunsch’s analysis, i.e., the 

simplify of ceiling jet layer thickness, air flow entrainment and so on, leading to some biases between 

prediction results and test data [11].  
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Li et al. [5,11] carried out a set of scaled-model tests and CFD simulations and presented another 

piecewise model:  

 
( ) ( )
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1/12 1/ 4*1/3 *
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1/ 4*

0.81 0.15

0.43 0.15
c

AR Q Q AR
u

Q AR

− −
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where AR=W/H. 

Besides, the prediction model of the back-layering length, which is the length of smoke flow upstream 

of the fire, was also given based on the test data in a model tunnel with AR being 1: 
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where,  

* *= =
L u

L u
H gH

 

The aspect ratio modified coefficient in this model was acquired by fitting FDS simulation data with 

an exponential function. The prediction results agree well with the simulation data for tunnels with 

aspect ratio ranging from 1 to 6. However, the formulation indicates a constantly decreasing trend of 

uc with the increase of AR in Li’s model. Take the following for an extreme example. According to 

Eq. (6), when AR approaches infinity, uc
* equals to zero, indicating that no ventilation is needed to 

prevent smoke reverse flow in a space without side walls being confined, which is obviously untrue. 

Therefore, the physical mechanism of the formulation needs further validations and discussions. 

 

In conclusion, over the last decades, many researchers have conducted tremendously systematic 

studies on the dynamic characteristics of smoke backlayering in tunnel fires, adopting various 

methods including theoretical analyses, model tests and numerical simulation, which indicates that the 

geometry and structural parameters of tunnel cross section will influence the backlayering length and 

critical velocity through its impacts on plume development and smoke transverse spread. For instance, 

in the asymmetric section subway tunnel, the semi arch ceiling will affect the entrainment in the 

plume rising process, resulting in the rise of flue gas temperature, which increases the backlayering 

length and critical velocity [13]. Additionally, Xu’s studies show that the confinement effect of the 

side walls will decrease with the increase of the aspect ratio, which will reduce the thickness of the 

smoke layer and weaken its buoyancy effect [14]. 

 

As the traffic demands increase and constructive technology advances, the cross-section of tunnels are 

tending to become larger to contain more lanes, such as the Gongbei tunnel [15] with a cross-section 

of 20.6 m (height) × 19.0 m (width) in Pearl River Delta, Waihuan tunnel (AR = 4.5) in Shanghai, 

Niutoushan Tunnel (AR = 8.1) in Gunagdong and so on. A more current example is Lishui Road 

Tunnel engineering in Zhejiang. A convergence zone with a length of 150 m is designed in its ground 

floor to connect adjacent roads and underground garages, as shown in Figure 1. The aspect ratio of 

this region can reach 12 from the design. It should be noted that the fire smoke will have significant 

transverse spread characteristics in such wide-shallow cross-section tunnels, and therefore, prediction 

models discussed previously may not be suitable, and more related research is needed. 

 

 
Figure 1 A typical structure schematic of UTTP 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

145



 

In the present work, a series of reduced model fire tests were carried out to investigate the 

backlayering length and critical velocity in longitudinally ventilated tunnel with different aspect 

ratios. A correction model considering the characteristic of smoke back flow would be proposed based 

on the test data and theoretical analyses. 

 

SCALED MODEL TESTS 

 

Scaling similarity theory 

 

Fire smoke movement is a buoyancy-driven flow and influenced by the inertial force of longitudinal 

ventilation [16] .Therefore, the design of the scaled model must obey Froude similarity law. Scaling 

correlations between the small scaled model and the full scale one can be deduced as followings, λv = 

λl
1/2, λt = λl

1/2, λQ = λl
5/2 , λT = 1, where λv, λt, λQ, λl, and λT is velocity, time, heat release rate, geometric, 

temperature similarity scale ratio respectively. 

 

Descriptions of the scaled test system 

 

A 1/15 small scaled model was used in this study (Figure 2). The dimension of cavity structure is 12 

m(L) × 2.80 m(W) × 0.31 m(H). A laser light sheet was placed 1.5 m upstream of the cavity structure 

to visualize the smoke streamline. One of the side walls of the cavity structure was made of the fire 

resistant glass to observe the smoke back-layering and thickness, the other side wall and the ceiling 

were made of the galvanized steel sheet with a thickness of 3 mm, and the asbestos sheet with a 

thickness of 9 mm was put beneath the ceiling of the model to protect the model structure [17] . An air 

uniform device was set between the fan and the cavity to smooth the turbulence and provide uniform 

distribution air flow. The device was made of a gradual contraction square duct with an angle of 6 

degrees, and its side wall towards the cavity was evenly punched with 5 mm holes every 15 mm 

(holed ratio = 8.7%). Shrinkage rate, aperture and holed ratio of the wind duct were designed based on 

pressure equations in duct flow [18,19] to balance the pressure loss and static pressure compensation 

of the wind flow. A flow distance of 20 m was set upstream the cavity structure to ensure the fully 

developed airflow. The fire source was set as the origin site (0, 0), and the coordinate system is shown 

in Figure 2(a). 

 
(a) Schematic diagram of the test system (a top view) 

 
(b) Model cavity structure 

Figure 2 Scaled model test system 
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A frequency conversion fan was used to provide longitudinal ventilation. A Liquefied Petroleum Gas 

(LPG) burner was located in the centreline of the cavity as shown in Figure 3. The burner with a 

dimension of 100 mm ×100 mm ×100 mm was made of 2mm-thickness steel plates [20–22]. The sand 

was filled into the square burner bottom to provide a uniform flame [17]. A wet flowmeter was used 

to control the fuel gas flow rate, a pressure gauge was installed to support the correction of LPG 

density. The heat release rate was calculated by using the LPG mass loss rate times the combustion 

heat (46.3 kJ/g). The LPG flow varied between 1.74 – 22.6 L/min, producing fires of 1.97 – 26.3 kW. 

 

     
(a) Burner in the centreline                               (b) Schematic diagram 

Figure 3 LPG burner system 

 

Longitudinal ventilation velocity was measured using a hot wire anemometer with uncertainty of 0.01 

m/s. Seven measure points were placed 0.5 m upstream the cavity structure (Figure 2(a)) and 

distributed evenly along the transverse direction(Figure 4(a)). Velocity distribution of A-A cross-

section is shown in Figure 5 (the coordinates is shown in Figure 2(a) and fire position was defined as 

x = 0, y = 0). It can be seen that the velocity fluctuates in a range of ± 5%, which indicates the flow 

uniformity kept an acceptable level. K-type sheathed thermocouples with a diameter of 1.0 mm were 

used to measure the temperature distribution beneath the ceiling. The layout of velocity measure 

points and temperature measure points is shown in Figure 2(a) 4(b). Thermocouples were fixed 10 

mm below the ceiling. Along the longitudinal direction, the interval between thermocouples was 0.1 

m in y = -1 m~1 m region and 0.2 m in y = -6 m ~ -1 m region and y = 1 m ~ 4 m region. A total of 

290 thermocouples were used in this test. Signals measured by thermocouples were collected by 

Agilent 34972A and then transformed to a computer. During the test, the environment temperature 

was controlled at around 27 ℃ by air conditioners.  

 

 
(a) Velocity measure points distribution (side view) 

 
(b) Temperature measure points distribution (a side view) 

Figure 4 Measure points distribution in the cross-section 

 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

147



  
Figure 5 Velocity distribution in A-A Cross-section 

 

Experimental procedure 

 

At the beginning of the test, the fire source was ignited, then the fan was opened and velocity of A-A 

cross-section was measured. Fan frequency was adjusted to make velocity match the preset value. The 

temperature was recorded after 30 seconds when the velocity satisfied the preset value and kept 

stable. At the initial stage, the temperature increased gradually, then fluctuated within a certain range. 

When the fluctuation range was less than 5%, the smoke flow state was considered to reach a quasi-

steady-state. Then the quasi-steady-state temperature was continuously recorded for 1 minute and the 

time-averaged value was used in the next analysis. A 30-minute interval was set during each test to 

cool the equipment. 

 

Due to heat transfer with the ceiling and air entrainment, smoke temperatures gradually decayed in the 

back flow process as shown in Figure 6. Moreover, a sharp decrease of gas temperatures can be 

observed at the stagnation point of smoke back flow. Therefore, the back-layering length was 

acquired according to the temperature distribution curve. Note that the smoke front surface may not 

be uniform along the transverse direction in a wide-shallow cross-section. The back-layering length 

was defined as the maximum longitudinal distance between the temperature sharp decrease point 

measured by thermocouples and the fire source. 

 

The presented experiments aimed to acquire the back-layering length under different fire scales, 

ventilation and aspect ratio conditions. Five aspect ratios were set as 1.1, 3.3, 4.8, 7.8, and 9.3 

respectively. The aspect ratio was adjusted by embedding the asbestos sheet in reserved positions 

(Figure 7). Seven groups of heat release rates of 1.97 kW, 3.94 kW, 6.57 kW, 9.85 kW, 11.93 kW, 

13.14 kW, 19.70 kW, 26.26 kW were considered. The minimum ventilation velocity was set as 0.31 

m/s, and gradually increased with an increment of 0.05 m/s until it reached the critical velocity. A 

total of 280 groups of tests were carried out in the present work and all the test conditions were listed 

in table 1. 

 

 
Figure 6 Temperature distribution of one test (u = 0.36 m/s, Q = 6.57 kW, AR = 9.3) 
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Figure 7 Different aspect ratios 

 

Table 1 Test conditions 

 

No. AR HRR (kW) Ventilation Velocity (m·s-1) 

1 

1.1 

1.97 0.31, 0.36, 0.41, 0.43 

2 3.94 0.31, 0.36, 0.41, 0.46, 0.52, 0.55 

3 6.57 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62, 0.64 

4 9.85 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62, 0.67, 0.72 

5 11.93 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62, 0.67, 0.72,0.75 

6 13.14 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62, 0.67, 0.72,0.74 

7 19.70 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62, 0.67, 0.72,0.74 

8 26.26 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62, 0.67, 0.72,0.74 

9 

3.3 

1.97 0.31, 0.36, 0.39 

10 3.94 0.31, 0.36, 0.41, 0.46, 0.49 

11 6.57 0.31, 0.36, 0.41, 0.46, 0.52, 0.55 

12 9.85 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62, 0.65 

13 11.93 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62, 0.67, 0.69 

14 13.14 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62, 0.67, 0.72 

15 19.70 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62, 0.67, 0.72, 0.75 

16 26.26 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62, 0.67, 0.72, 0.74 

17 

4.8 

1.97 0.31, 0.36 

18 3.94 0.31, 0.36, 0.41, 0.45 

19 6.57 0.31, 0.36, 0.41, 0.46, 0.52, 0.56 

20 9.85 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62 

21 11.93 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62, 0.64 

22 13.14 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62, 0.66 

23 19.70 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62, 0.67, 0.71 

24 26.26 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62, 0.67, 0.73 

25 

7.8 

1.97 0.31, 0.36 

26 3.94 0.31, 0.36, 0.41, 0.46 

27 6.57 0.31, 0.36, 0.41, 0.46, 0.52, 0.53 

28 9.85 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.60 

29 11.93 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62 

30 13.14 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.64 

31 19.70 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62, 0.69 

32 26.26 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62, 0.67, 0.73 
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33 

9.3 

1.97 0.31, 0.36 

34 3.94 0.31, 0.36, 0.41, 0.43 

35 6.57 0.31, 0.36, 0.41, 0.46, 0.52, 0.53 

36 9.85 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.59 

37 11.93 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.63 

38 13.14 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.65 

39 19.70 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62, 0.67 

40 26.26 0.31, 0.36, 0.41, 0.46, 0.52, 0.57, 0.62, 0.67, 0.73 

 

RESULTS AND DISSCUSSIONS 

 

Backlayering length 

 

To establish the relationship between results of scaled model tests and scenarios of real tunnel fires, a 

dimension analysis method was proposed by Oka [8] and has been widely used in other studies. A 

similar method was also adopted here and the definition of dimensionless parameters was referenced 

to Eq. (7) [5], in which the tunnel height H was used as the characteristic length. Figure 8 shows part 

of the test data between the dimensionless backlayering length L* and dimensionless heat release rate 

Q* with different ventilation velocities and aspect ratios.  

 

     
(a) u = 0.31 m/s                       (b) u = 0.36 m/s                         (c) u = 0.41 m/s 

                                
(d) u = 0.46 m/s                           (e) u = 0.52 m/s 

Figure 8 Relationship between L* and Q* 

 

The balance condition at the stagnation point where smoke stops back flow is the buoyancy head 

equals ventilation air inertia head [23]. Owning to the fact that the buoyancy head is dependent on the 

smoke temperature and smoke layer thickness, while the inertia head is dependent on the ventilation 

velocity, so it is obvious that L* decreases as u* increases (Figure 8). Note that the maximum ceiling 

excess temperature increases with the increase of Q* in a small fire while becomes independent of Q* 

in a large one [24,25]. Therefore, L* increases with the increase of Q* when Q* is less than a threshold 

value, and keeps constant when Q* reaches the threshold, which can also be seen from the figure. Xu 

[14] claimed that the smoke layer thickness gets lower with the increase of the tunnel width. Similar 

phenomenon was also observed in this test (Figure 9), these photos were taken from 0.5 m to 1.5 m 

upstream fire source, where the smoke back flow state is relatively steady. Thus, the smoke buoyancy 

head decreases as the tunnel aspect ratio increases and then causes the decrease of L* (Figure 8). 
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(a) AR = 1.1                                   (b) AR = 4.8                                       (c) AR = 9.3 

Figure 9 Thickness of smoke layer with different aspect ratios (u = 0.36 m/s, Q = 6.57 kW, photos 

were taken from 0.5 m to 1.5 m upstream fire source) 

 

Previous research has shown that there is a linear relationship between L* and ln(Q*1/3/u*) for a small 

fire [5]. The test data are fitted by the linear function (Figure 10). The linear relationship between L* 

and ln(Q*1/3/u*) holds for all the aspect ratio cases. Besides, as the aspect ratio increases, the slopes of 

these lines decrease and the zero point moves to the right. Therefore, the relationship between L* and 

ln(Q*1/3/u*) with different aspect ratios can be written as: 

 ( ) ( )* *

1 1 2ARL f AR L f AR=
 = −   (8) 

According to the fitting results, the values of f1(AR) and f2(AR) are shown in Table 2. 

 

   
Figure 10 Relationship between L* and ln(Q*1/3/u*) with different aspect ratios 

 

Table 2 Fitting result of f1(AR) and f2(AR) 

 

AR 1 (Li et al.) [5] 1.1 3.3 4.8 7.8 9.3 

f1(AR) 1 0.996 0.933 0.900 0.876 0.867 

f2(AR) 0 0.70 2.70 3.51 3.79 4.36 

 

Note that when Q* approaches a threshold value, L* becomes independent of Q*. The equation to 

calculate the backlayering length can be expressed as: 

 
( ) ( ) ( )

( ) ( ) ( )

*1/3 *

1 2
*

*

1 2

18.5ln / 3.9  

18.5ln 1/ constant  

f AR Q u f AR small fireL
L

H f AR u f AR large fire

  − −
  

= = 
 − −  

 (9) 

 

Critical velocity 

 

Critical velocity can be derived from Eq .(9) when the constraint condition L* = 0 is given: 

 

( )2 3.9

*1/318.5*  =

constant  

f AR

c
e Q small fireu

large fire

+
−

 



 (10) 

Equation (10) is shown in Figure 11, together with the experimental results. It can be seen that the test 
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data matches well with the line, indicating that Eq. (10) can accurately describe the relationship 

between the critical velocity and fire heat release rate under different aspect ratio conditions.  

According to Figure 11, dimensionless critical velocity uc
* linearly increases with the increase of 

Q*1/3, and becomes independent of Q*1/3 when uc
* approaches 0.43 under all aspect ratio conditions.  

 

  
Figure 11 Relationship between uc

* and Q*1/3 with different aspect ratios 

 

When we compare Eq. (10) with Eq. (6), the prediction model proposed by Li et al. [11], it can be 

seen that the formula form is similar, while the coefficient is slightly different. Comparisons of the 

coefficient calculated by Eq. (6) and Eq. (10) are listed in Table 3. It can be seen that the coefficient 

of the critical velocity is lower than Li et al’s model, with a difference varying from 2.5%-5.6%. It 

should be pointed out the Li et al’s model tunnel was covered by a concrete layer with a thickness of 

23mm, while in the present model tunnel, the thermal insulation layer is a 9 mm-thickness asbestos 

sheet. The thermal resistances per unit area (l/k) of the two tunnels are estimated as 0.020 K·W-1·m2 

(Li’s model) and 0.016 K·W-1·m2 (the present model). Obviously, the lower thermal resistance in the 

current test tended to cause a larger the heat loss rate compared with Li’s model, which may explain 

the slightly lower critical velocity value in table 3.  

 

Table 3 Comparison of the critical velocity coefficient between Eq. (6) and Eq. (10) 

AR 1.1 3.3 4.8 7.8 9.3 

Li’s model 0.80  0.73  0.71  0.68  0.67  

Present test 0.78 0.70  0.67  0.66  0.64  

Relative difference 2.5% 4.1% 5.6% 2.9% 4.5% 

 

The Q* value at the transition of the small fire and large increases gradually with the increase of AR 

(figure 12), which shares the same tendency with Li’s model [11]. Meanwhile, the finding that the test 

value is slightly larger than the predicted value under large aspect ratio conditions may be caused by 

the converting from fuel controlled to oxygen controlled with the increase of heat release rate. The 

fast reaction assumption adopted by Li in the simulation process might overestimate the development 

of the flame.  

 

  
Figure 12 Q* value at the transition of the small fire and large with different aspect ratios 
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Theoretical analysis 

 

Fire smoke movement schematic diagram of the normal tunnel and wide-shallow cross-section tunnel 

are shown in Figure 13(a) and (b) respectively. An assumption that the vertical plume is not restrained 

by sidewalls was made in the diagram. Therefore, the plume development procedure in Figure 12(a) 

and (b) is similar. It can be seen that the contact area of smoke layer and ceiling becomes signally 

large in a wide-shallow cross section tunnel, and then the heat loss of smoke remarkably increases. 

Therefore, the temperature of smoke decays faster as the tunnel width increases. Moreover, as 

mentioned earlier, smoke layer thickness decreases with the increase of AR. As a result, smoke’s 

buoyancy head decreases due to more heat losses and thinner smoke layer, so the backlayering length 

and critical velocity gets lower in a wide-shallow cross-section tunnel. 

 

     
(a) Normal tunnel      (b) Wide-shallow cross-section tunnel 

Figure 13 Schematic diagram of smoke movement 

 

At the stagnation, smoke back flow is suppressed by the ventilation air flow, and the velocity decreases 

to 0. According to the balance relationships between the buoyancy of smoke and the inertia force of 

ventilation airflow, Hu proposed the theoretical form of the return flow length [23]: 

 ref

2

1
ln

a

T gh
l

K T u

 
=  

 
 (11) 

where, K, h, u are temperature decay coefficient, smoke layer thickness and ventilation velocity 

respectively. K is affected by heat transfer between smoke layer and tunnel, and ventilation airflow 

entrainment. On the basis of quality and energy conservation equation of the upstream smoke flow, 

Ingason et al. [26] derived the expression of K: 

 t

s s p

h
K

h u c




=  (12) 

where, β=(1+2h/W). Substituting Eq. (12) into Eq. (11), it gives: 

 ref
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u c T gh
l h
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=    

 
 (13) 

Importing the tunnel height H to transform Eq. (13) to a dimensionless form, it gives: 

 
* *2ref= ln /

s s p

t a

u cl h T h
L u

H h H T H





 
=    

 
 (14) 

On the basis of weak plume assumption [24]，△Tref
/Ta holds linear relationship with Q*2/3 for a small 

fire. Thus, Eq. (14) be transformed as:  

 
* *2/3 *2

1= ln /
s s p

t

u cl h h
L C Q u

H h H H





 
=     

 
 (15) 

Experimental results show that smoke layer height decreases with the increase of the tunnel width. r(AR) 

= h/h(AR=1) is defined in order to describe the change relation between h and AR, then Eq. (15) can be 

written as follows:  

 
( )

( )
( )

( )
1 1* *1/3 *

1= 2ln /
AR ARs s p

t

h hu c
L r AR C r AR Q u

h H H





= =
 
     
 
 

 (16) 
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Based on the definition of r(AR), when AR = 1, r(AR) = 1. Eq. (16) degenerates as: 

 ( )* *1/3 *

1 2 3= ln /ARL C C Q u=   (17) 

where， 
( )1

2

2
=

ARs s p

t

hu c
C

h H





=
       

( )1

3 1=
AR

h
C C

H

=
   

Based on the results of the scale model test, Li gave a prediction formula for the backlayering length at 

AR = 1 through the dimensional analysis, and gave Eq. (18): 

 ( )* *1/3 *

1=18.5ln 0.81 /ARL Q u=
 (18) 

Eq. (17) and Eq. (18) share the same structure. In equation (17), cp, ht, H are constants, and h(AR=1) is the 

thickness of smoke layer under the condition of given aspect ratio. Therefore, the above variables can 

be considered not to be affected by the change of AR. However, the height of the smoke layer is usually 

much smaller than the tunnel width, so influences of the change of AR on β are limited[28]. In addition, 

us and ρs are mainly determined by the plume state which is largely affected by the tunnel height, heat 

release rate and other conditions, while us, ρs and β only fluctuate within a small range when AR changes. 

Therefore, it can be regarded C2 = 18.5·γ, C3 = 0.81, where γ is the correction coefficient considering 

the non-uniformity of the actual velocity and temperature distribution, and the influence of the change 

of aspect ratio on it. Taking the above parameters into Eq. (16), it gives:  

 ( ) ( )( )* *

=1= +18.5lnARL r AR L r AR   
  

 (19) 

Fan et al. [27] proposed a theoretical prediction model for the smoke layer height in the corridor. They 

hold that smoke layer height and AR-2/3 has a linear relationship. And Xu [14] further verified the above 

results through scaled model tests:  

 
( )

1/3

2

pm
h

AR


 
=  

 
 

 (20) 

In the formula, α is related to the smoke density, and fluctuates within a certain range with the change 

of AR. Based on Eq. (20), r(AR) can be written as α/α(AR=1)·(AR)-2/3. When AR = 1, r(AR) = 1, ad thus 

the expression of r(AR) can be written as: 

 ( ) ( )
2/3

1 1(1 )r AR k AR k
−

= + −  (21) 

When Eq. (19) is compared with Eq. (9), and r(AR) is replaced with Eq. (21), the above-mentioned 

coefficient has the following relationship with the test results:  

 

( ) ( ) ( ) ( )

( ) ( )( ) ( ) ( )( )

2/3

1 1 1

2/3

2 1 1

1

18.5ln 18.5ln 1

f AR r AR k AR k

f AR r AR k AR k

 
−

−

  =  =  + −
 


= − = − + −



 (22) 

The data in Table 2 were used to fit parameters in Eq. (22) (Figure 14 and Table 4). Results show that 

k1 = 0.47, R2 is 0.958, γ fluctuates between 1.07 and 1.39, and the average value of 1.23 is adopted. 

 

 
Figure 14 The fitting result of Eq. (22) 
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Table 4 Value of γ with different AR 

 

AR 1.1 3.3 4.8 7.8 9.3 

γ 1.07 1.24 1.32 1.32 1.39 

 

Above analysis focus on small fire condition, however, in large fire condition, backlayering length 

and critical are independent of Q*, considering the continuity of function, the prediction models of L* 

and uc
* for both small fire and large fire are given respectively: 

 

( )( ) ( )( )

( )( )

( )( ) ( ) ( )( )

1/ 2
-2 /3 -2 /3 *1/3 *

3/ 2
-2 /3* *

3/ 2
-2 /3 -2 /3* *

18.5 0.58 +0.65 ln 0.81 0.47 +0.53 /

0.47 +0.53 0.17

18.5 0.58 +0.65 ln 0.43/ 0.47 +0.53 0.17

AR AR Q u

L Q AR

AR u Q AR
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0.81 0.47 +0.53 0.47 +0.53 0.17

0.43 0.47 +0.53 0.17
c

AR Q Q AR
u

Q AR


   


= 
  


   (24) 

To verify the validity of the new model, the present test results, data from the full scaled test and 

scaled model test reported by previous studies are presented with Eq. (24) in Figure 15. Test results 

with different aspect ratios accord well with the new equation, which confirms the new prediction 

model is appropriate for all kinds of tunnels.  

 

 
Figure 15 Comparison of Eq. (24) with test data [5, 23, 28-31] 

 

Together with previous models, the new equation is presented in Figure 16. The influence of the 

tunnel width on uc
* cannot be demonstrated since Oka's model only includes the height of the tunnel. 

However, the slightly low uc
* value in Wu’s model is because hydraulic diameter in the model can not 

distinguish the difference influence on smoke movement between tunnel height and tunnel width. In 

fact, the effect of the tunnel height on uc
* is stronger than that of the tunnel width [11]. Therefore, 

Wu's model overestimates the effect of the aspect ratio on uc
*. Although Kunsch's model includes the 

height and width of the tunnel, the smoke entrainment is in fact ignored in its derivation process, and 

the ceiling jet layer thickness is 0.05 times of the tunnel height. The above simplifications lead to the 

insensitivity of the aspect ratio in the model.  Besides, more importantly, the increase of uc
* as the 

aspect ratio rises is contradictory with other models. When AR < 14, the prediction result of Li ’s 

model is slightly larger than that of the newly proposed equation. uc
* will gradually decrease with the 

increase of AR until 0 in Li’s model (Figure 16). In the newly proposed equation, as AR increases, uc
* 
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decreases gradually but with smaller ranges, and eventually tend to 0.6Q*1/3, indicating that smoke 

back flow also needs to be suppressed through ventilation under no side wall constraints. The newly 

proposed equation predicts that the limiting critical velocity without side wall constraints is 0.6Q*1/3. 

Wu's model also indicates the existence of limiting critical velocity, although its prediction result 

(0.54Q*1/3) is smaller than that in the newly proposed equation. Different from the aspect ratio 

correction coefficient of Li's model, which was an exponential function, the newly proposed model 

firstly derives the function form of the aspect ratio correction coefficient based on the dynamic 

mechanism of smoke back flow, and then determines the parameters through numerical fitting. The 

formulation of aspect ratio correction coefficient reflects the existence of the limiting critical velocity 

without side wall constraints, and ensures critical velocity’s gradual approaching to the above limiting 

critical velocity as the aspect ratio increases, instead of 0. Thus, the newly proposed aspect ratio 

modification coefficient has a more comprehensive mechanism. But since the maximum aspect ratio 

in the present tests is only 9.3, its validity under the condition of larger aspect ratios as well as the 

accuracy of limiting critical velocity still need to be further verified. In addition, within the range of 

AR <14, no significant difference exists between the prediction results in Li's model and the newly 

proposed equation. AR = 14 can be considered large enough for the real tunnel engineering. Thus, Li’s 

model is more feasible and convenient in practical applications regarding its concise form.  

 

    
Figure 16 Comparison of Eq. (24) with previous model . 

 

CONCLUSION 

 

The present study carried out a series of fire scale model tests in which five types of tunnels with 

aspect ratios of 1.1, 3.3, 4.8, 7.8, and 9.3 were involved, and explored the characteristics of smoke 

back flow in a longitudinally ventilated tunnel fire with wide-shallow cross section. Major findings 

were as follows: 

 

1.The increase of the tunnel width will increase the heat transfer area between smoke back flow and 

the tunnel ceiling, reduce the smoke layer thickness, and weaken the deflected effect on the side wall 

and the conversion intensity from radial to one-dimensional spreading, leading to the decrease of 

backlayering length with the increase of the aspect ratio. A backlayering length prediction model is 

proposed, taking the effect of the aspect ratio into account. Under small fire conditions, L*  and 

ln(Q*1/3/u*) is linearly related, and the larger the aspect ratio, the smaller the function slope. Under 

large fire conditions, L * is independent of Q*, while decreases as u* and aspect ratio increase.  

2. A new prediction model for critical velocity with more complete dynamic mechanism was 

proposed through improving the correction coefficient of the aspect ratio. The prediction results of the 

model are in good agreement with the experimental data. New Equation shows that uc
* is independent 

of the aspect ratio and Q*, and remains at 0.43 under large fire conditions; while uc
* will gradually 

decrease as the aspect ratio increases under small fire conditions and eventually approach the limiting 

critical velocity without side wall constraints (0.6 Q*1/3), which is different from the previous models. 

3. New equation indicates that for tunnels with any aspect ratio, the fire source with Q*>0.44 is large 

fires, while the fire source with Q*≤0.44 relies on the aspect ratio. However, in Li’s model, aspect 

ratio should be considered under all Q* conditions. The reason for the above discrepancy lies in the 
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difference of formulation in the two models. Prediction results of critical velocity of Li’s model is 

slightly larger than test data, which may be caused by the difference of the thermal boundaries and the 

adoption of fast reaction in the numerical simulation.  

4. The newly proposed equation predicts that the limiting critical velocity without side wall 

constraints is 0.6 Q*1/3. The existence of limiting critical velocity is also verified by Wu’s model, 

while the value(0.54Q*1/3) is smaller, which may be caused by the use of water spray device. Further 

verification on its accuracy is still needed since the maximum aspect ratio tested in this paper is only 

9.3. 

5. Note that an assumption that side walls have no influence on plume entrainment process was made 

in present analysis. Considering a situation of a narrow tunnel, where the fire source dimension is near 

to tunnel width, the plume entrainment process will be severely restricted by side walls. Therefore, the 

new equation is only suitable for normal tunnel and wide-shallow cross-section tunnel. 

 

REFERENCES 

 [1] F. Vuilleumier, A. Weatherill, B. Crausaz, Safety aspects of railway and road tunnel: Example 

of the Lötschberg railway tunnel and Mont-Blanc road tunnel*, Tunn. Undergr. Sp. Technol. 

(2002).  

[2] Y. Alarie, Toxicity of fire smoke, Crit. Rev. Toxicol. (2002).  

[3] L.H. Hu, R. Huo, Y.Z. Li, H.B. Wang, W.K. Chow, Full-scale burning tests on studying 

smoke temperature and velocity along a corridor, Tunn. Undergr. Sp. Technol. (2005).  

[4] P.H. Thomas, The movement of smoke in horizontal passages against an air flow., Fire Res. 

Stn. (1968). 

[5] Y.Z. Li, B. Lei, H. Ingason, Study of critical velocity and backlayering length in longitudinally 

ventilated tunnel fires, Fire Saf. J. (2010).  

[6] C.K. Lee, R.F. Chaiken, J.M. Singer, Interaction Between Duct Fires and Ventilation Flow: An 

Experimental Study, Combust. Sci. Technol. (1979).  

[7] K.M. Leung, D.W. Wood, Longitudinal ventilation analysis for the Limehouse Link Tunnel 

with slip roads., (1988) 141–153. 

[8] Y. Oka, G.T. Atkinson, Control of smoke flow in tunnel fires, Fire Saf. J. (1995).  

[9] Y. Wu, M.Z.A. Bakar, Control of smoke flow in tunnel fires using longitudinal ventilation 

systems - a study of the critical velocity, Fire Saf. J. (2000). 

[10] J.P. Kunsch, Simple model for control of fire gases in a ventilated tunnel, Fire Saf. J. (2002).  

[11] Y.Z. Li, H. Ingason, Effect of cross section on critical velocity in longitudinally ventilated 

tunnel fires, Fire Saf. J. (2017).  

[12] R.L. Alpert, Turbulent ceiling-jet induced by large-scale fires, Combust. Sci. Technol. (1975).  

[13] S. Zhao, F. Liu, F. Wang, M. Weng, Z. Zeng, A numerical study on smoke movement in a 

metro tunnel with a non-axisymmetric cross-section, Tunn. Undergr. Sp. Technol. (2018).  

[14] Z. Xu, J. Zhao, Q. Liu, H. Chen, Y. Liu, Z. Geng, L. He, Experimental investigation on smoke 

spread characteristics and smoke layer height in tunnels, Fire Mater. (2019).  

[15] X. Hu, S. Deng, Y. Wang, Test investigation on mechanical behavior of steel pipe-frozen soil 

composite structure based on Freeze-Sealing Pipe Roof applied to Gongbei tunnel, Tunn. 

Undergr. Sp. Technol. (2018).  

[16] O. Vauquelin, Parametrical study of the back flow occurrence in case of a buoyant release into 

a rectangular channel, Exp. Therm. Fluid Sci. (2005).  

[17] Y. Huang, Y. Li, J. Li, J. Li, K. Wu, K. Zhu, H. Li, Experimental investigation on maximum 

gas temperature beneath the ceiling in a branched tunnel fire, Int. J. Therm. Sci. (2019).  

[18] X. Li, I. Sabir, Review of bipolar plates in PEM fuel cells: Flow-field designs, Int. J. Hydrogen 

Energy. (2005). https://doi.org/10.1016/j.ijhydene.2004.09.019. 

[19] W.B. Ye, Design method and modeling verification for the uniform air flow distribution in the 

duct ventilation, Appl. Therm. Eng. (2017).  

[20] Y. Huang, Y. Li, J. Li, B. Dong, Q. Bi, Y. Li, J. Li, Experimental investigation on temperature 

profile with downstream vehicle in a longitudinally ventilated tunnel, Exp. Therm. Fluid Sci. 

(2019).  

[21] F. Tang, Z.L. Cao, Q. Chen, N. Meng, Q. Wang, C.G. Fan, Effect of blockage-heat source 

distance on maximum temperature of buoyancy-induced smoke flow beneath ceiling in a 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

157



longitudinal ventilated tunnel, Int. J. Heat Mass Transf. (2017).  

[22] Z. Zeng, K. Xiong, X.L. Lu, M.C. Weng, F. Liu, Study on the smoke stratification length 

under longitudinal ventilation in tunnel fires, Int. J. Therm. Sci. (2018).  

[23] L.H. Hu, R. Huo, W.K. Chow, Studies on buoyancy-driven back-layering flow in tunnel fires, 

Exp. Therm. Fluid Sci. (2008).  

[24] Y.Z. Li, B. Lei, H. Ingason, The maximum temperature of buoyancy-driven smoke flow 

beneath the ceiling in tunnel fires, Fire Saf. J. (2011).  

[25] Y.Z. Li, H. Ingason, The maximum ceiling gas temperature in a large tunnel fire, Fire Saf. J. 

(2012).  

[26] H. Ingason, Y.Z. Li, A. Lönnermark, Tunnel fire dynamics, 2015.  

[27] Fan WC, Wang QG, Jiang FH. Concise Guide of Fire Science, He Fei: University of Science 

and Technology of China Press; 1995:161 

[28] Y.Z Li, G. Appel, et al., “Model Scale Tunnel Fire Tests with Waterbased Fire Suppression 

System”, SP Technical Research Institute of Sweden, SP Report 2014:02, Borås, Sweden, 

2014. 

[29] Lee, C. K., Chaiken, R. F., & Singer, J. M., “Interaction Between Duct Fires and Ventilation 

Flow: an Experimental Study”, Combustion Science and Technology, 20, 59-72, 1979. 

[30] Ingason, H., Li, Y. Z., & Lönnermark, Anders., “Runehamar Tunnel Fire Tests”, Fire Safety 

Journal, 71, 134-149, 2015. 

[31] “Memorial Tunnel Fire Ventilation Test Program—Test Report”, Massachusetts Highway 

Department and Federal Highway Administration, Massachusetts, 1995. 

 

NOMENCLATURE 

 

Frc Critical Froude Number 

g gravitational acceleration (m/s2) 

H tunnel height (m) 

W tunnel width (m) 

u ventilation velocity (m/s) 

uc critical velocity (m/s) 

uc
* dimensionless critical velocity (tunnel 

height as characteristic length) 

uc
’ dimensionless critical velocity 

(hydraulic diameter as characteristic 

length) 

us smoke back flow velocity (m/s) 

u* dimensionless ventilation velocity 

(tunnel height as characteristic length) 

ht  heat transfer coefficient(kW/m2·K) 

Q total heat release rate (kW) 

Q* dimensionless heat release rate (tunnel 

height as characteristic length) 

Q’ dimensionless heat release rate 

(hydraulic diameter as characteristic 

length) 

Qc convective heat release rate (kW) 

cp specific heat capacity of air (kJ/kg·K) 

Tf smoke temperature (K) 

T0 ambient temperature (K) 

H hydraulic diameter (m) 

S tunnel cross-section perimeter (m) 

A tunnel cross-sectional area (m2) 

L* dimensionless back-layering length 

AR aspect ratio 

ki coefficient in Eq. (17), (18), (22) 

K temperature decay coefficient 

C1 parameter in Eq. (10) 

C2 parameter in Eq. (11) 

△Tmax maximum smoke temperature rise (K) 

△Tref smoke temperature rise at reference point 

(K) 

mp smoke release rate (m3/s) 

 

Greek letters 

△ρ density difference (kg/m3) 

ρ0 ambient density (kg/m3) 

ρs  smoke density (kg/m3) 
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Tests of spilled liquid fires in a tunnel drainage system 
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ABSTRACT 
 
In underground constructions special attentions need to be taken when dangerous goods transports 
(solids, liquids, or gases) are allowed. One of the most important means to mitigate the consequence is 
by using a drainage system. This study focuses on liquid release from fuel tanks such as gasoline and 
the consequences if the liquid fuel leaks into the drainage system. A fire with such fuels can rapidly 
create a hazardous environment for other users and in order to mitigate the consequence good 
knowledge about it is desirable. The research on fires inside drainage systems is limited. Here, the 
main problems, methods and solutions are discussed and presented. A series of full scale experiments 
were carried out at fire training center in Västerås, Sweden, to study the fire at different gasoline 
leakage scenarios. Temperatures and gasoline concentrations inside the drainage pipes, as well as heat 
fluxes outside the vent, were measured and flame spread was investigated. Results show that the fire 
spread to the nearby vent opening in less than 1 second and it took 6.6-15.6 seconds to reach the 
nearby well with a water lock. The maximum gasoline concentration varied from 2.5 % to 4.8 %. The 
combustion process consumes gasoline vapour and can reduce its concentration to almost zero, but 
when the flame front moved away the gasoline concentration increased again. After the initial spread 
to the well, the combustion sustains inside the pipes and the periodicity of the flame spread is found. 
Unlike combustion inside the pipes, high heat flux outside the vent is only found during a short period 
after ignition and is usually less than 6.5 kW/m2 at 0.5 m from the vent. Finally, it is found that the 
water lock in the well is essential in preventing flame from spreading to the adjacent pipe system. 
 
KEYWORD: fire, tunnel, drainage system, gasoline, vapour, mitigation  
 
 
INTRODUCTION 
 
Under normal operation, a tunnel drainage system manages the excess water in a tunnel. In case of a 
fuel leak, e.g. a gasoline tanker leaks, the drainage system can transport the fuels away from the road 
surface, thus reducing the potential fire size.  
 
A tunnel drainage system consists of dozens of drainage sections and pump stations.  Each section 
consists of pipes, slots (vents) and shafts (siphons). Each section is separated using shafts to avoid 
spread of explosion into neighboring sections. The pipes normally have limited number of openings 
on top or sides.  
 
In relation to the design of the Bypass Stockholm road tunnel system, there is a discussion on what 
type of systems are needed to obtain the most efficient solution. In Bypass Stockholm, a new type of 
drainage system is discussed, which can significantly accelerate the runway of liquids in the drainage 
system. This is positive both for handling of possible emissions of liquid hazardous goods and 
disposal of extinguishing water from fire fighting systems when installed. Further, the system has 
shorter intervals between slots, i.e. around 2 m compared with around 20 m or more for traditional 
drainage systems. No matter whether flammable liquids are ignited or not, it is important to mitigate 
the impact of incident scenarios and obtain fast recovery. With the help of gutters with frequent 
coverings, i.e. openings to the roadway, time to remove the emissions (e.g. combustible fuels) from 
the roadway can be shortened.  
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The information about the fire and explosion hazards related to the drainage systems in tunnels is 
limited. A few accidents involving dangerous goods transport are reported [1-3] and related testings 
are conducted [4-5]. For continuous leakage from a tank, the spillage size [6-9] and the consequences 
of the spillage entering the drainage system [10,11] are of interest. In fire accidents related to drainage 
systems, one key question to be solved is, if the flammable liquids are ignited above the surface, 
whether they can continue to burn and spread after flowing into the drainage system from the 
roadway. Further, will the possible venting flames cause fire spread to neighboring vehicles (through 
the slots)? Can the water lock in the well prevent further spread of flame?  How will the ignition time 
and the amount of fuel affect the consequence? How fast is the movement of the liquid fuel in the 
drainage system? To answer these questions, a series of large scale field experiments was conducted. 
 
EXPERIMENTS 
 
Aims 
 
The overall objective was to investigate the function of a selected drainage system. The influence on 
the spread of flammable liquid in case of any leakage into the drainage system was investigated 
primarily. Gasoline first leaked into a section of the drainage system, then it ran down to a well (A) 
that had a water lock function, see Figure 1. This water lock function should prevent further spreading 
of the gasoline to another section of the drainage system. In this way, the fire is prevented from 
spreading further between sections and thus the risk of the fire gradually spreading down to a 
pumping station is eliminated. 

 
Figure 1 A drainage system , consisting of Well A and joint-tight concrete pipes with egg-shaped 

cross section. 
 
Experimental planning 
 
Focus was on whether the fire would spread over the Well A when the efficiency of the water lock 
function varied. This was obtained by filming and measuring, whether the fire would spread within 
the section where the gasoline was released.  If so, how long would such fire last? The risk of 
intensive explosion (detonation) or rapid flame spread (deflagration) was also investigated in the 
experiments.  
 
The experiments were carried out at a designated location behind the workshop premises in the 
eastern part of the fire fighting training center Fågelbacken in Västerås. The drainage system in 
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principle composition is shown in Figure 2. The drainage system consisted of three 
components: 15 type A drainage pipes, 2 type B drainage pipes and 2 wells (Well A and Well B). The 
height and width of type A pipe is 0.68 m and 0.52 m, respectively. The corresponding size of type B 
pipe is 1.05 m and 0.83 m. Well A has a length of 2 m, height of 1.75 and width of 1.5 m. The 
geometry of Well B is the same as Well A. 
 
A platform was constructed so that gasoline could flow easily down to the vent opening No. 3 
(position x=0 m, positive coordinate towards Well A). The platform had a clear gutter that was 0.6 m 
wide, 1.5 m long and a slope that was 2% down to vent opening No. 3. It was placed at two different 
heights: one where no grid was present and one where grid was available. The grids had a height of 
200 mm when they were in place. 
 

 

Figure 2 A schematic plan view of test setup. 
 
The gasoline that wasn’t consumed in the drainage pipe was collected in Well A in the first well 
chamber and then filled up the space. This amount of gasoline was pumped up through the vent 
opening from the part of Well A where the gasoline was collected after each test. However, in the 
experiments where the water lock was partially empty (too little water), or water level up to the 
partition wall, the gasoline was collected in Well A, then migrated to Well B.  

The following measurements were performed during the tests and data was recorded every 0.5 s: 
 

-     Temperature measurement in vent openings (thermocouple type K, radius 0.25 mm, in the 
middle of the pipe, measuring frequency 10Hz) starting from pipes No. 1, 3, 4, 5 and 6 then 
every other pipe until Well A. Also, there is one thermocouple in well A (centrally located) 
and one in Well B. Note that pipe NO.1 is connected with an extra 0.5 m long pipe to the 
upstream end. 

-     Concentration of gasoline vapor with FID meter (in vent No. 5, 0.03 m below the highest 
point in pipe A). 

-     Radiation measurement with PT outside vent opening No. 5 (0.5 m outside, the same height 
as vent opening). 

 
Detailed information of the measurements is provided in Table 1. 
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Table 1 Detailed information about the measurements. 
Identification Distance from the end 

(mm) 
x 

(m) 
notes 

TC 1 2 500 -2.5  
-- 5 000  0 Inlet for gasoline injection 

TC 2 7 400 2.4  
TC 3  9 400 4.4 Gas sampling FID 
TC 4  11 500 6.5  
TC 5 15 600 10.6  
TC 6 19 700 14.7  
TC 7 23 700 18.7  
TC 8 27 800 22.8  

-- 30 600 25.6 Inlet to Well A 
TC 9 31 100 26.1 100 mm under roof in Well A, before the trap 

TC 10 38 100 33.1 100 mm under roof in Well B 
TC 11 8 600 3.6 Plate thermometer outside vent no.5 
TC 12 5 000 0 Near injection point to detect ignition 
FID 9 400 4.4 At the center of the tube 

 
During the experiments, three cameras with different locations were used to record what was 
happening. Camera 1 was near Well A, camera 2 was at the right side of pipe No.1, camera 3 was 
inside the pipe No.1. Furthermore, photos were taken during the experiments.  

Test scenarios 
 
An overview of the experiments carried out is shown in Table 2.   
 
Table 2 Overview of planned trials. 

Test 
No 

Level of 
water 
lock (m)* 

Gasoline 
flow 
(L/min) 

Total Injection 
time (min) 

Ignition time 
after injection 
(min) 

Total 
amount of 
gasoline 
(L) 

Grid on/off 

1 0.5 22  2 1:30 44 Off 
2 0.5 22  1:20 0:50 30 On 
3 0.5 22  2 1:30 44 On 
4 0.5 22  3 2:30 66 On 
5 0.5 22  4 3:30 88 On 
6 0.5 44  2:30 2:00 110 On 
7 0.5   88  1:30 1:00 132 On 
8 0.08 88  2 1:30 176 On 

  
After ignition, the gasoline was released onto the platform (the simulated road surface) for at least 30 
seconds before it was switched off. The data was recorded from the time when gasoline was injected. 
 
RESULTS AND ANALYSIS  
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Before the fire tests, experiments were conducted to study the gasoline flow inside the pipes. When 
the gasoline flow rate was 22 L/min, it took 50 s to reach the midway (x=12.8 m) and 85 s to reach 
Well A (x=25.6 m).  When the flow rate was 44 L/min, the time to reach x=12.8 m and x=25.6 m was 
37 s and 64 s, respectively. When the flow rate was 88 L/min, the corresponding time was 32 s and 53 
s, respectively. Before ignition, the gasoline flow had already reached Well A, except in Test 2, when 
the flow only reached midway.  
 
Gas concentration 
 
Gas concentration from Test 1 to Test 8 is shown in Figure 3. The data were recorded when gasoline 
was injected into the platform through vent opening No. 3 (x=0 m). The FID meter was placed at 
x=4.4 m. When the gasoline first arrived at the measuring position, a significant rise of gas 
concentration can be observed, from around 0.3% to greater than 1%. The initial arriving time may be 
estimated from the figure when concentration first increases, which is shorter than 40 s in all 8 tests. 
After ignition, the concentration experiences increasing and decreasing, due to flame approaching and 
leaving the measuring position (traveling flame front).  
 
To better understand the phenomena, gas temperature at the same position from Test 8 at first 200 s is 
shown in Figure 4. The gas concentration begins increasing at about 20 s, when the gasoline flow 
reaches the measuring position. After ignition, the gas concentration decreases at high temperature 
and increases again when temperature is low. At high temperature, combustion occurs at the 
measuring position and gasoline is consumed resulting in a concentration reducing to almost zero. At 
low temperature, flame moves away from the measuring position and the gas concentration increases. 
Gas concentration and gas temperature are negatively (opposite) correlated to each other. The 
maximum gas concentration reached 4.8 % in Test 6 but is only 2.6 % in Test 2. The main difference 
is the gasoline flow rate and total amount of gasoline. Depending on the test condition (gasoline flow 
rate, injection time and measurement position), gas concentration in current study is all less than 5 %. 
The maximum gas concentration in the experiment is listed in Table 3. Comparing results for Test 1 
and Test 3 shows that the gas concentration is larger without grid on the vent,  indicating better 
ventilation with higher vent and grid. With increasing total amount of gasoline (longer injection time), 
a slightly larger maximum gas concentration is found. 
 
 

 
(a) Tests 1 to 4 
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(b) Tests 5 to 8 
 
Figure 3 Gas concentration (%) at x=4.4 m from Test 1 to Test 8. 
 

 
Figure 4 Gas concentration (left y-axis) and temperature (right y-axis) in Test 8 at position x=4.4 

m. 
 
Table 3 Maximum gas concentration of each test. 

Test No. Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 
Concentration 

(%) 4.30 2.56 3.12 4.74 3.48 4.81 3.89 4.69 

 
Initial flame spread 
 
After ignition at the platform at x=0 m, the flame quickly spreads into nearby drainage pipes and 
spreads all the way downstream to Well A. The flame front is indicated by a sudden temperature rise 
from the ambient. By recording the time when a flame arrives at each measuring position, the initial 
flame spread velocity can be estimated. The time when the flame for the first time reaches the 
measuring positions is shown in Table 4. Since there is no thermocouple placed at the vent opening at 
x=0 m, the time of first temperature rise at x=-2.5 m or x=2.4 m is regarded as ignition time, 
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depending on which is earlier. The system collects data every 0.5 s, so the uncertainty of the time in 
Table 4 may be as great as 0.5 s. From Test 1 to Test 5, the flame arrives at x=-2.5, 2.4, 4.4 m almost 
at the same time (less than 1 s), which indicates a great spread velocity. In Test 6, it takes 6 s for the 
flame to spread to x=-2.5 m. In Test 7 and Test 8, the combustion first occurs at x=-2.5 m and then 
spreads to x=2.4 m almost 6 s later. The reason for different spread near the ignition position is 
unclear, but the phenomena is clearly related to gasoline flow rate. At 22 L/min, flame tends to spread 
towards both directions. At 44 L/min, flame first spreads towards Well A and the combustion 
upstream comes later. At 88 L/min, combustion first spreads to the upstream end and later spreads 
towards Well A. The different flame spread pattern is also confirmed in camera 3. The time for the 
flame to reach Well A (x=26.0 m) varies between 6.6 s and 15.6 s. 
 
Table 4 Time when the flame the first time reaches the measuring positions. 
 

-2.5 2.4 4.4 6.5 10.6 14.7 18.7 22.8 26.0 
Test 1 0.0 0.0 0.0 0.6 1.2 2.4 4.2 6.6 9.0 
Test 2 0.0 0.0 0.0 1.2 1.8 3.0 3.6 4.8 9.0 
Test 3 0.6 0.0 0.6 0.6 1.2 1.8 3.0 3.6 6.6 
Test 4  0.6 0.0 0.0 1.2 3.0 4.2 7.2 9.0 12.6 
Test 5 0.0 0.0 0.6 1.2 2.4 3.6 4.2 5.4 7.8 
Test 6 6.0 0.0 0.6 1.8 3.6 4.8 5.4 6.6 8.4 
Test 7 0.0 6.0 7.2 7.8 9.6 11.4 13.2 15.0 15.0 
Test 8 0.0 5.4 6.0 6.6 7.8 9.0 10.8 12.0 15.6 

 
Based on Table 6, the flame propagation velocity can be estimated using the correlation: 
 
                                                                       𝑉𝑉𝑖𝑖 =

𝑥𝑥𝑖𝑖 − 𝑥𝑥𝑖𝑖−1
𝑡𝑡𝑖𝑖 − 𝑡𝑡𝑖𝑖−1

                                                                                 (1) 

 
where 𝑥𝑥𝑖𝑖 is the thermocouple position (m),  𝑡𝑡𝑖𝑖 is the time when flame reaches the position (s), i is the 
number of the thermocouple. The study is focused on the spread to Well A and the velocity towards 
upstream (x=-2.5 m) is therefore not presented. Also note that the data were collected every 0.5 s, the 
calculated velocity has an uncertainty that is not negligible. The initial flame spread velocity is shown 
in Table 5. Largest velocity is found mainly between x=10.6 m and x=18.7 m, which means that it can 
reach 6.8 m/s. Note that the position x=26.0 m is inside Well A, 0.1m below the roof. Flame speed is 
significantly reduced when spreading from the pipes to Well A, probably due to a sudden expansion 
of the space. In Table 5 the flame speed varies from 0.76 m/s to 6.83 m/s, and the average velocity for 
the entire data is 3.2 m/s.  
 
Table 5 The initial flame speed (m/s) at different measuring positions.  
 

-2.5 2.4 4.4 6.5 10.6 14.7 18.7 22.8 26.0 
Test 1   -- 3.50 6.83 3.42 2.22 1.71 1.33 
Test 2   -- 1.75 6.83 3.42 6.67 3.42 0.76 
Test 3   3.33 -- 6.83 6.83 3.33 6.83 1.07 
Test 4    -- 1.75 2.28 3.42 1.33 2.28 0.89 
Test 5   3.33 3.50 3.42 3.42 6.67 3.42 1.33 
Test 6   3.33 1.75 2.28 3.42 6.67 3.42 1.78 
Test 7   1.67 3.50 2.28 2.28 2.22 2.28 -- 
Test 8   3.33 3.50 3.42 3.42 2.22 3.42 0.89 

 

Position (m) 

  Time (s) 
Test 

  V (m/s) 
Test 

Position (m) 
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Continuing combustion in the drainage pipe 
 
After a flame spreads to Well A, it usually travels back towards the ignition point. The initial spread 
to Well A consumes gasoline and oxygen along the pipes, but when the flame moves away, the gas 
concentration at this position increases again. This should be attributed to the fast evaporation of 
gasoline in the hot environment (mainly hot combustion products). It can also be expected that 
simultaneously, some fresh air flows are introduced into the drainage pipe through vents during the 
process and mixed with the gasoline vapor.   
 
The continuing combustion can last for a long time, nearly 20 minutes in several tests, but in most 
tests, combustion is only fierce inside pipes at first 400 s (after injecting gasoline). When a flame 
arrives the measuring position, temperature rises to above 800 ºC, while when flame moves away the 
temperature drops to a value around 100 ºC. The flame spread speed is not easy to determine, since 
the spread may not be towards only one direction. One finding in the test is that the combustion has 
periodicity which can be estimated roughly.  
 
To better understand the periodicity, the temperature from 200 s to 350 s near the midway at x=10.6 
m is shown in Figure 5. Taking Test 4 for example, the time for sudden temperature rise is observed at 
209 s, 224 s, 240 s, 255 s, 267 s, 284 s, 297 s, and 328 s, which gives time intervals of 15 s, 16 s, 15 s, 
12 s, 17 s, 13 s and 31 s. The periodicity at first 300 s is therefore about 15 s. 
 
To quantitively study the periodicity, the time when the temperature experiences a sudden rise from 
100 s to 400 s is recorded. The time interval is presented in Table 6. As expected, the periodicity is 
not a constant even in one single test. The data varies between 10 s and 45 s. The mean value is about 
25 s in all the 8 tests, except in Test 4, where the periodicity at first 150 s after ignition is about 15 s, 
from 150 s to 300 s it is about 30 s. Note that the results in Table 6 is recorded at x=10.6 m, near the 
midway between the ignition platform and Well A. The combustion pattern at different measuring 
points may be different. For instance, at position TC 8 (x=22.8 m), combustion occurs more 
frequently. 
 

 
(a) Tests 1 to 4 
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(b) Tests 5 to 8 
 
Figure 5 Temperature from 200 s to 350 s at x=10.6 m from Test 1 to Test 8. 
 
Table 6 Time interval between temperature rise at x=10.6 m, Test 1 to Test 8. 

 ∆t (s)            
Test 1 33 29 14 46 24 20 18      
Test 2 33 12 37 34 15 16 28 25 34 19   
Test 3 20 26 44 31 28 35 32 20 27 21   
Test 4 15 13 14 15 16 15 12 17 13 31 29 30 
Test 5 23 22 30          
Test 6 13 14 43 33 26 22 29 30     
Test 7 22 33 19          
Test 8 24 12 14 23 17 30 18 26 28    

 
Test related to obvious fast deflagration (Test 8) 
 
The test conditions are listed in Table 2. Field observations show that rather fast deflagration occurs in 
Test 2, 5, 6, 7 and 8, indicated by large noises heard during the tests. In particular, the flame spreads 
to Well B only in Test 8, with the low level of water lock (open). In other tests, the combustion 
behavior is similar and less severe than Test 8. Therefore, only Test 8 with obvious fast deflagration is 
discussed in detail in this part. Note that the sampling interval is 0.5 s, a lower boundary of the flame 
velocity can be obtained when a flame is detected at the same time at different positions.  
 
In Test 8, fast deflagration is found between Well A and Well B, 16 s after ignition. The ignition time 
is about 94 s after injecting gasoline. There are 4 temperature peaks observed in Well B, at about 110 
s, 314 s, 584 s and 1042 s. There are 5 temperature peaks observed in Well A, at about 110 s (t1), 314 
s (t2), 584 s (t3), 879 s and 1048 s (t4). The corresponding time after ignition for t1, t2, t3, t4 is 16 s, 
220 s, 490 s and 954 s, respectively. During the test, obvious fast deflagration was observed at these 
four time points. The time when the flame reaches each position around the four peaks (t1 to t4) is 
listed in Table 7. After ignition, it took 15 s for the flame to spread to Well A and most thermocouples 
showed large fluctuation at first 310 to 430 s (depending on the position), then temperature decreased 
to ambient. Around t1, flames were found pushing out Well A and the cover for water lock was lifted. 
Flame was found in type B pipes 9 s later. At t2, flame was found both in Well A and Well B, and the 
lids in both wells were lifted. At t3, sudden temperature rises were registered by all the 
thermocouples, indicating a fast deflagration. Moreover, this deflagration was confirmed by the video 
recorded in camera 1, with flames coming out from both type A pipes and type B pipes. The lids in 
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Well A and Well B were lifted according to camera 1. At t4, another fast deflagration occurs which is 
indicated by the temperature rise from x= 10.6 m to x= 26.0 m. In this case, no temperature rise was 
found further upstream. This was confirmed in the video of camera 3, with flames only visible 
downstream close to Well A. The lids in Well A and Well B were lifted, as recorded in camera 1. 
Peaks were also observed in gasoline concentration, at around 118 s, 136 s, 324 s and 589 s, a few 
seconds later than the temperature peaks in Well A. But it should be noted that the measurement point 
for gasoline concentration was located at vent No. 4.  
 
Based on the data in Table 7, the flame speed is listed in Table 12. At time t3 and t4, high flame speed 
is obtained since flame is detected at the same time at different locations. In such cases, by use of the 
sampling interval of 0.5 s, a lower boundary can be obtained for the of the flame velocity. In reality, 
the flame speed should be even greater. The negative values suggest that the flame spreads from 
downstream to upstream. At t3, video in camera 1 shows that flame first spreads from Well A to pipe 
A, and then from Well A to Well B through pipe B, which is in accordance with temperature 
measurement. At t4, video shows that flame spreads from Well A to type A pipes and from Well A to 
Well B almost at the same time. The minimum flame speed towards upstream is -26.85 m/s and 
towards downstream is 26.85 m/s. 
 
Table 7 Flame reaching time in Test 8. Unit: s. 

x: (m) -2.5 2.4 4.4 6.5 10.6 14.7 18.7 22.8 26.0 32.1 
 TC1 TC2 TC3 TC4 TC5 TC6 TC7 TC8 TC9 TC10 

t1 - - - - - - - - - - 
t2 321 315 314.4 316.8 313.2 308.4 312 310.2 313.2 313.8 
t3 * 586.2 585 584.4 583.8 583.2 583.2 583.2 583.2 583.8 
t4 * * * * 1042.8 1041 1039.8 1039.8 - 1039.8 

-: continuously high temperature around the indicated time  
*: temperature rise is not observed  
 
Table 8 The flame speed at different measuring positions in Test 8. Unit: m/s. 

x: (m) -2.5 2.4 4.4 6.5 10.6 14.7 18.7 22.8 26.0 32.1 
  TC1 TC2 TC3 TC4 TC5 TC6 TC7 TC8 TC9 TC10 

t1 - - - - - - - - - - 
t2   -0.82 -3.33 0.87 -1.14 -0.85 1.11 -2.28 1.07 10.21 
t3 *   -1.67 -3.50 -6.83 -6.83 -22.60 -22.60 -22.60 12.25 
t4 * * * *   -2.28 -3.33 -26.85  26.85 

   : underlined data is the lower limit. For example, at the moment t3, the time interval is assumed to be 0.5 s for flame 
spreads from TC9 to TC6. The upper limit is unknown and is supposed to be a great value. Negative value indicates flame 
spreading from downstream to upstream. 
 
Temperature around 584 s (t3) is shown in Figure 6. Temperature rises at the same time (583.2 s) 
from x=14.7 m to x=26.0 m, which indicates a high flame speed, i.e. a fast deflagration. The flame 
spreads from Well A to the pipes upstream (TC 9 towards TC 2), which can be inferred from the 
different temperature rising time. 
 
Temperature around 1048 s (t4) is shown in Figure 7. Temperature rises at the same time (1039.8 s) 
from x=18.7 m to x=32.1 m, which indicates a fast deflagration and a flame velocity of at least 26.85 
m/s. No temperature rise is observed at TC 4 and combustion is limited to the downstream part of the 
system.  
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(a) Tests 1 to 3 

 
(b) Tests 4 to 6 

 
(c) Tests 7 to 10 
 
Figure 6 Temperature from 580 s to 600 s in Test 8. 
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(a) Tests 4 to 6 
 

 
(b) Tests 7 to 10 
 
Figure 7 Temperature from 1030 s to 1050 s in Test 8. 
 
Effect of water lock 
 
In Test 8, a low water lock level was tested. The gasoline flow rate tested is the same as in Test 7 and 
Test 8, but the injection is 30 s less in Test 7. Temperatures from Test 7 and Test 8 in Well A and 
Well B, as well as the gas concentrations, are shown in Figure 8. The ignition time is 30 s earlier in 
Test 7. In Well A, the combustion occurs both in Test 7 and Test 8. The gas concentration first 
decreases after ignition and then rises as the flame moves away from the measuring position. The 
local maximum value is reached a few seconds after the combustion in Well A.  
 
The temperature registered in Well B is completely different between the two tests. In Test 7, the 
temperature remains at ambient while in Test 8, high temperatures can be found, indicating that the 
combustion occurred. As the total flow of gasoline applied is only 176 Liters, the maximum fuel 
surface level can be estimated to be around 0.17 m in Well A, lower than the bottom of pipe B. 
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Therefore, right after ignition, the liquid flow didn’t reach pipe B, that is, for the first peak in the 
temperature in Well B in test 8, the gasoline vapor involved in the combustion in pipe B and Well B 
should mainly come from evaporation of liquid gasoline in Well A. Afterwards, some fuels might be 
spilled to pipe B and Well B. This might explain why the combustion at around 320 s (the second 
peak in Well B in test 8) lasted for a longer time than the first peak.  
 
From the analysis of the results, it can be concluded that the water lock is essential to prevent the fire 
from spreading to the nearby well.  
 

 
(a) temperature at Well A 
 

 
(b) temperature at Well B 
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(c) gas concentration 
 
Figure 8 Temperature in Well A (a), Well B (b) and gas concentration at x=4.4 m (c) for Test 7 

and Test 8. 
 
Heat flux 
 
The combustion inside pipes has been discussed in detail in early parts. In real scenarios, flames 
ejected out of the vent opening can impose hazards to personnel or objects near the drainage system. 
To estimate these hazards, a plate thermometer was installed at x=3.6 m and 0.5 m from vent No. 5 to 
detect heat radiation. The method to obtain incident radiation heat flux from a plate thermometer can 
be found in [12-14]. Notice that the fire inside the pipe No.5 was measured by thermocouple TC 3.  
 
The incident heat fluxes outside vent No.5 are shown in Figure 9. The heat flux at the ambient is 
about 0.4 kW/m2. When a flame is detected, the heat flux significantly increases. The maximum heat 
flux is found in Test 4, which reaches 11 kW/m2. For other tests, heat fluxes are smaller than 6.5 
kW/m2. In most tests, the heat flux increases and then rapidly decreases, which suggests unstable 
flame out of the pipe. This is reflected in the videos recorded by camera 2, since no obvious flame is 
found at the vent No.5. In test 4, a continuous high heat flux is found between 152 s to 209 s. The 
ignition time in Test 4 is about 150 s. Temperature at TC 3 indicates fierce combustion during this 
period. Video from camera 2 is analyzed and confirms the flame outside pipe No.5.  
 
Unlike continuing combustion described in early part, high heat fluxes are only found during a short 
duration after ignition. While the combustion inside the pipe sustains for a long period after ignition, 
the hazards for flame ejecting out is only high at the early stage.      
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(a) Tests 1 to 4 
 

 
(b) Tests 5 to 8 
 
Figure 9 Incident heat flux outside vent No.5. 
 
CONCLUSIONS 
 
Experimental analyses was conducted to investigate the movement of the spilled gasoline in the pipe. 
In the full scale experiments with spilled gasoline, the flow rate varied between 22 L/min and 88 
L/min. The fire spreads to the nearby vent opening (x=-2.5 m or x=2.4 m) in less than 1 s and it takes 
6.6-15.6 s to reach the Well A with water lock (x= 26.0 m). Depending on the flow rate, the flame can 
spread directly downstream towards Well A or spread only to upstream end at first few seconds and 
then spread downstream. The initial flame velocity is in a range from 0.76 m/s to 6.8 m/s, with 
velocity reduced nearby Well A. An average flame velocity is 3.2 m/s. The maximum gasoline 
concentration nearby vent No. 4 is in a range from 2.5 % to 4.8 %. For a given position, gas 
concentration and gas temperature are negatively correlated to each other. A high temperature 
indicates occurrence of combustion and consumption of gasoline vapor while a low temperature is 
affiliated with a flame moving away and increasing gas concentration accordingly. After the initial 
spread, the fire continues burning inside the pipes and Well A, and a flame traveling periodicity is 
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found, although the periodicity varies even within one test. An average periodicity of 25 s is found in 
most tests. The incident heat flux 0.5 m outside vent No. 5 can reach 11 kW/m2 in Test 4, but in most 
tests the heat flux is lower than 6.5 kW/m2. Unlike continuing combustion inside the pipes, high heat 
fluxes outside the pipe are only found for a short duration after ignition. 
 
In Test 1 to Test 7, further flame spread was stopped in Well A by the water lock. Fast deflagration 
was found in Test 2, Test 5, Test 6 and Test 7, indicated by large noises heard during the tests. Fast 
deflagration is more likely to occur when the amount of gasoline inside the drainage system is larger. 
Note that the highest gasoline concentration registered in these 7 tests was 4.81 %, lower than the 
upper limit of flammability.    
 
In Test 8 with a low water lock level, the flame spread to nearby pipes and Well B, but this was not 
observed in all the 7 other tests with a high water lock level. The water lock in the well is proven to be 
essential in preventing flame from spreading to the nearby pipe system as it prevents convection of 
fuel vapor from the Well A to pipe B. The ventilation conditions at the gutter probably changed 
dramatically when there was an open path between Well B/pipe B and the top of the gutters in pipe A, 
creating some kind of chimney effects. 
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ABSTRACT 
 
Numerical simulations are used to reduce the number of tests required in a lot of scientific fields. It 
works in that way in the field of Fire science with the usage of CFD (Computational Fire Dynamics). 
Fire simulations take less time to complete as computer sciences advance. But tunnel simulations with 
long domains still take long times limiting the opportunities to develop applications in fields that 
require live time results, like risk assessment, emergency systems, etc. 
 
A Multiscale algorithm is presented. This algorithm integrates Whitesmoke, a 1D algorithm 
developed to simulate fluid flow in networks, into FDS (Fire Dynamics Simulator), a 3D LES 
program used to simulate fire dynamics. The aim of this integration is optimizing both the calculation 
time and accuracy, using the fast solutions of the 1D in uniform zones and the detailed solutions of the 
FDS in complex areas. 
 
The accuracy of the Multiscale is evaluated by comparing it to full 3D simulations. In this case, a 
tunnel of 4.8m x 4.8m and 600m of length is simulated. The flow velocities and temperature of 
Multiscale and FDS simulations are compared. 
 
The Multiscale model achieves a time saving that is closely proportional to the portion of the domain 
calculated with the 1D sub-model. And, even when the simulation time is shorter the difference with 
the outputs obtained by the FDS is small in temperature, velocities and backlayering extension. 
The presented model is capable of reducing the time necessary to make a tunnel fire simulation 
without jeopardizing its results. Still, the Multiscale has some areas to improve and develop, as its 
boundary conditions, which should be improved further in the future.  
 
KEYWORD: tunnel fires, multiscale, fds simulation 
 
 
INTRODUCTION 
 
A lot of scientific fields use different kinds of numerical simulations instead of tests, to reduce the 
number of tests or obtain faster or cheaper results. This is also the case with Fire science, where the 
usage of CFD (Computational Fire Dynamics) is capable of substituting a great amount of tests. Fire 
simulations take less time to complete as computer sciences and hardware develop. Still, simulations 
of long tunnels take long times limiting the opportunities to develop applications in fields that require 
live time results, like risk assessment, emergency systems, VR training, etc. 
 
Fire dynamics simulations have been a topic of interest for the last decades. The research started with 
simpler models evolving to the 3D models that are mostly used in the actuality. The first class of 
models, MFIRE [2], SPRINT [3], WHITESMOKE, among others, focused on fires in 1D network 
systems, applicable to structures like tunnels or mines. Then zone models were developed, 
BRANZFIRE [5], FSSIM [6]. These models were mostly focused towards compartment fires in series 
of rooms in a building. From that point 3D CFD were developed, opening new possibilities to the 
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simulations and raising their accuracy in most of the cases. 
 
CFD simulations have been used to simulate various fires scenarios among them confined fires [7,8], 
extinction modelling [9] and tunnel fires [10,11,12,13]. In the field of tunnel fires some researches 
have focused in [10] the smoke movement in tilted tunnels, using simulations and scale tunnels,  [11] 
the usage FDS (Fire Dynamics Simulator) to simulate a real life fire that happened in the Hsuehshan 
tunnel, [12,13] the backlayering and HRR in tunnels using FDS. Still CFD remains constrained by the 
amount of time it takes to finish a simulation, as the simulation may last for days of weeks depending 
on the length of the simulated tunnel. However, this limitation is the one the Multiscale simulations 
tries to minimize. 
 
Multiscale modelling is the name that receive the group of strategies to represent problems using 
models of different level of complexity [17]. As an example, the areas of interest can be modelled 
using a more complex model, like a 3D CFD, and simpler tools can be used in other regoins, like a 1D 
model. The objective of them is mostly to reduce the calculation time. Several articles have proposed 
models of this kind [14,15,16,17,18,19,20] combining a 3D CFD in the areas with complex physics, 
and a 1D model elsewhere. Some examples are, [14] shows an approach where FDS (CFD) and 
VentFire (1D) are coupled, and study then the link among them configurating it in various ways, 
choosing an indirect coupling approach in the end, which can be faster but has the demerit of needing 
time to obtain the characteristics curves of the system, to divide it in an appropriate way. In [15] the 
FDS is used with its HVAC function. Here the time reduction in cold simulations is analysed. In [16] 
the HVAC function is used together to the MPI to further reduce the time expenditure, mostly to 
evaluate the time saving obtained combining them; in [17,18,19,20] ANSYS Fluent is linked to the 
1D tool, Whitesmoke, here the fire is simulated as a heat source, obtaining good agreement between 
the multiscale and 3D simulations. So far, these approaches have shown good results in the velocity 
and temperature fields. However, some of the actual research lacks the modelling of heat losses, or 
species concentration along the 1D portion of the tunnel. Whitesmoke can cover these shortcomings, 
and together with FDS provide an open-source solution to the multiscale simulation of tunnel fires. 
 
FDS was selected as the CFD code in our model, as it has the great advantage that it can be modified 
freely (is an open source software) and that it already is widely spread in the Fire science community. 
This work proposes the integrations of the Whitesmoke inside the FDS code. This allows for an 
excellent communication between the sub-models, and an optimization of the calculation time, by 
calculating the uniform far field with the 1D and focusing resources in the complex near field of the 
fire. Other than the flow the Whitesmoke can also handle the species transport, the thermal flow, 
inclined tunnels and the allocation of fans and obstructions. This Multiscale model could be applied in 
different fields, mainly in the tunnel fire research, but also for other kinds of tunnels scenarios, like 
metro tunnels, mining tunnels, subaquatic tunnels, among others. Essentially it might be useful for 
applications were one dimension notably lengthier than the others.  
 
MULTISCALE MODEL 
 
General Description of the Multiscale Algorithm: 
A Multiscale model is proposed on this work. This model fully couples the Whitesmoke, a 1D fluid 
flow software, inside the FDS. Being compiled together and ran at the same time is possible to further 
increase the advantages provided by Multiscale models. Also, the Whitesmoke capability to describe 
in a more complete way the flow helps obtaining a more detailed 1D far domain. 
 
The type of coupling between the two sub-models is a direct coupling, characterized by both models 
running together. Also, they don’t share any part of the domain, which is denominated a non-
overlapping coupling. 
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Figure 1 Multiscale Algorithm Representation 
 
In figure 1 a scheme shows the order in which the information transfers take place in each time step. 
This starts with the 1D guess when the simulation starts, and then follows a loop where, every n 
seconds, the 3D model imposes the 1D model boundaries and vice versa. 
 

1D description and Characteristics:  

The far field of the simulation is calculated using the Whitesmoke. This model solves three groups of 
equations calculating the fluid dynamic flow, thermodynamic flow and mass-transport in the 1D field. 
These groups of equations are approached in different ways. 
 

Network Modelling 

The Graph Theory [22] is used in this part of the model. It allows for a simple representation of 
domains where one dimension is preponderant above the others [21]. Through the graph theory the 
tunnel domain is described using nodes and branches. The branches represent fractions of the tunnel, 
that can contain fans, obstructions, or other characteristics that have to be modelled. These branches 
are limited by nodes, they connect the branches between them, and impose boundary conditions 
towards the 3D and the exterior of the simulation. This configuration allows for the creation of a 
matrix that simplifies the calculations, the incidence matrix. This matrix has one row for each node 
and one column for each branch. The matrix marks inlets (as +1) and outlets (as -1). 
 

Fluid Dynamics Model 

The fluid dynamics of the flow are solved using a modified version of the 3D time dependent Navier-
Stokes equations for continuity and momentum. Different assumptions are made to do these 
modifications. One dimension is assumed preponderant over the other two, considering the equations 
unidimensional. This change is seen from Eq. 1 to Eq. 2, for continuity, and from Eq. 3 to Eq. 4, for 
the momentum equation.  
 

𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ ∇. (𝜌𝜌𝜌𝜌) = 0     (1) 
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     𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ ∂ρu
∂x

= 0      (2) 
 
    𝜕𝜕𝜕𝜕𝑢𝑢

𝜕𝜕𝜕𝜕
+ ∇. (𝜌𝜌𝜌𝜌𝜌𝜌)  =  − ∇𝑝𝑝 +  ∇. 𝜏𝜏 + ∆𝑃𝑃𝑠𝑠𝑠𝑠𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠       (3) 

 
    𝜌𝜌 𝜕𝜕𝑢𝑢

𝜕𝜕𝜕𝜕
+ 𝜌𝜌𝜌𝜌 ∂u

∂x
=  −𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕
− ∆𝑃𝑃𝑓𝑓𝑠𝑠𝑓𝑓𝑠𝑠 + ∆𝑃𝑃𝑠𝑠𝑠𝑠𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠   (4) 

 
In Eq. 4, due to the elimination of the y and z dimensions, the viscous term ∇. 𝜏𝜏 losses most of its 
significance. Consequently, the viscous losses are included in the term ∆𝑃𝑃𝑓𝑓𝑠𝑠𝑓𝑓𝑠𝑠. The term ∆𝑃𝑃𝑠𝑠𝑠𝑠𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠, in 
Eq. 3 and Eq. 4, is a momentum source term including momentum due to fans, buoyancy, among 
others.  
 
Next, the equations are redeveloped around the branches (momentum) or nodes (continuity). The 
backward Euler method is used as the time advancing scheme. The final shape of the equations is seen 
in Eq. 5, for continuity, and Eq. 6, for momentum. Must be remarked that the total pressure (P) in the 
Eq. 6 is the sum of the pressure, kinetic and buoyancy terms, as shown in Eq.7, subtracting the 
buoyancy term from the source term ∆𝑃𝑃𝑠𝑠𝑠𝑠𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠. 
 

    �𝜕𝜕𝑖𝑖
𝑡𝑡−𝜕𝜕𝑖𝑖

𝑡𝑡−∆𝑡𝑡�
∆𝜕𝜕

�∑ 𝐴𝐴𝑗𝑗𝐿𝐿𝑗𝑗
2𝑗𝑗 � + ∑ 𝜌𝜌𝑗𝑗𝐴𝐴𝑗𝑗𝜌𝜌𝑗𝑗𝑗𝑗 + 𝐺𝐺𝑠𝑠𝜕𝜕𝜕𝜕,𝑓𝑓 = 0   (5) 

 

   𝜌𝜌𝑗𝑗
�𝑢𝑢𝑗𝑗

𝑡𝑡−𝑢𝑢𝑗𝑗
𝑡𝑡−∆𝑡𝑡�

∆𝜕𝜕
𝐿𝐿𝑗𝑗 + (𝑃𝑃𝑓𝑓 − 𝑃𝑃𝑓𝑓−1) − ∆𝑃𝑃𝑓𝑓𝑠𝑠𝑓𝑓𝑠𝑠 + ∆𝑃𝑃𝑠𝑠𝑠𝑠𝑢𝑢𝑠𝑠𝑠𝑠𝑠𝑠 = 0   (6) 

 
𝑃𝑃𝑓𝑓 = 𝑝𝑝𝑓𝑓 + 𝜕𝜕𝑖𝑖𝑢𝑢𝑖𝑖

2

2
+ 𝜌𝜌𝑓𝑓𝑔𝑔𝑧𝑧𝑓𝑓      (7) 

 
In the formulas ρ stands for density [kg/m3], u for velocity [m/s], t for time [s], v for kinematic 
viscosity [Kg/m.s], L for Length of the branch [m], p for pressure [Pa], A for area [m2], G for flux 
[kg/s], g for gravity, z for height, i enumerates the nodes and j the branches. Also, GEXT [kg/s] is added 
in Eq. 5 to consider possible sources of flow into the nodes. A complete explanation of the 
development of these equations is found in [17,21,23]. 
 
 
Thermal model 
 
The construction of the formula to calculate the thermal field shares some steps with the construction 
of the fluid flow model. It starts with the transient energy equation of Navier-Stokes. This equation is 
then reduced to a unidimensional form, as seen in Eq. 8 and Eq. 9. 
 

    𝜕𝜕�𝜕𝜕𝑠𝑠𝑝𝑝𝑇𝑇�
𝜕𝜕𝜕𝜕

+ ∇. �𝜌𝜌𝑐𝑐𝜕𝜕𝜌𝜌𝑢𝑢� = ∇.𝑘𝑘∇𝑢𝑢 + 𝜑𝜑𝑣𝑣 − 𝜑𝜑𝑙𝑙   (8) 
 
    𝜌𝜌𝑐𝑐𝜕𝜕

𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕

+ 𝜌𝜌𝑐𝑐𝜕𝜕𝜌𝜌
𝜕𝜕𝑇𝑇
𝜕𝜕𝜕𝜕

= 𝑘𝑘 𝜕𝜕2𝑇𝑇
𝜕𝜕𝜕𝜕2

+ 𝜑𝜑𝑣𝑣 − 𝜑𝜑𝑙𝑙    (9) 
 
Two terms are added in the right side of Eq. 9. These two terms represent the possibility of having a 
volumetric heat source [W/m3], φv, and the heat losses through the walls [W/m3], φl. The next step is 
to integrate the Eq. 9 and then discretize it in a control volume surrounding the nodes of the network. 
In this discretization the temperature of a branch is considered using the upwind model (affirming that 
the temperature of a branch is the temperature in its upstream node). Finally, the first term on the left 
is formulated using the Backward Euler method, as it is a time dependent term, finally arriving to the 
expression in equation Eq. 10. 
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  𝜌𝜌𝑓𝑓𝜕𝜕𝑐𝑐𝜕𝜕𝑓𝑓
�𝑇𝑇𝑖𝑖

𝑡𝑡−𝑇𝑇𝑖𝑖
𝑡𝑡−∆𝑡𝑡�

∆𝜕𝜕
∆𝑉𝑉 + ∑ 𝜌𝜌𝑗𝑗𝜕𝜕𝑐𝑐𝜕𝜕𝑗𝑗𝜌𝜌𝑗𝑗𝜕𝜕𝐴𝐴𝑗𝑗𝑢𝑢𝑗𝑗𝜕𝜕𝑗𝑗 = ∑ 𝑘𝑘𝑗𝑗

𝜕𝜕𝑇𝑇𝑡𝑡

𝜕𝜕𝜕𝜕
�
𝑗𝑗
𝐴𝐴𝑗𝑗𝑗𝑗 + 𝜙𝜙𝑣𝑣,𝑓𝑓 − 𝜙𝜙𝑙𝑙,𝑓𝑓  (10) 

 
Here cp is the heat capacity [J/kg.K], T the temperature [°C], k the conductivity [W/m.K],  ϕv  the heat 
generation [W] and ϕl are the heat losses [W].  
 
The ϕl,i term contains the heat losses in a node that is equal to the sum of the losses across the surface 
of the half of all the branches connected to it. In Eq. 11, Ω𝑗𝑗 is the perimeter, Uj the global heat transfer 
coefficient and T∞,j the temperature of the rock outside the tunnel walls. In Eq. 12 Uj is calculated 
using ℎ𝑗𝑗, the convective heat transfer coefficient, and 𝑅𝑅𝑅𝑅𝑅𝑅,𝑗𝑗, the global thermal resistance of the rock. 
Finally, the convective heat transfer coefficient is defined in the Eq. 13, where 𝑓𝑓𝑗𝑗 corresponds to the 
branch friction coefficient.   

 
𝜙𝜙𝑙𝑙,𝑓𝑓 =  ∑ 𝐿𝐿𝑗𝑗

2𝑗𝑗
Ω𝑗𝑗𝑈𝑈𝑗𝑗�𝑢𝑢𝑓𝑓 − 𝑢𝑢∞,𝑗𝑗�    (11) 

 

𝑈𝑈𝑗𝑗 =  � 𝑓𝑓
ℎ𝑗𝑗

+ 𝑅𝑅𝑅𝑅𝑅𝑅,𝑗𝑗�
−1

     (12) 

 
ℎ𝑗𝑗 =  1

8
𝑓𝑓𝑗𝑗𝑐𝑐𝜕𝜕,𝑗𝑗

𝐺𝐺𝑗𝑗
𝐴𝐴𝑗𝑗

      (13) 

 
The assumptions and procedures employed to arrive to these expressions are furtherly explained in 
[17,21,23]. 
 
Mass transport model 
 
This part of the model is built around an advective-diffusive expression [21]. The advective part 
describes the motion of the contaminants with the air. The diffusive part, obeying Fick’s theory, 
makes the concentration proportional to the mean concentration gradient. The unidimensional 
representation of this equation corresponds to Eq.14. 

 
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

+ 𝜌𝜌 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= 𝐷𝐷 𝜕𝜕2𝜕𝜕
𝜕𝜕𝜕𝜕2

+ 𝑆𝑆𝜕𝜕     (14) 
 

C is the mass concentration [kg/m3] of the species in the air, 𝐷𝐷 the diffusion tensor [m2/s] and 𝑆𝑆𝜕𝜕 
represents a source term for other species [kg/m3.s]. Then integrating inside a control volume that has 
a node as its centre, Eq. 15 is obtained. 

 

∫ 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
𝜕𝜕𝑉𝑉𝜕𝜕𝐶𝐶 + ∑ 𝜌𝜌𝑗𝑗𝜕𝜕𝐴𝐴𝑗𝑗𝐶𝐶𝑗𝑗𝜕𝜕𝑗𝑗 = ∑ 𝐷𝐷𝑗𝑗𝐴𝐴𝑗𝑗

𝜕𝜕𝑖𝑖
𝑡𝑡−𝜕𝜕𝑗𝑗

𝑡𝑡

𝐿𝐿𝑗𝑗𝑗𝑗 + 𝑆𝑆𝜕𝜕,𝑓𝑓               (15) 

 
The concentration coming from each branch, Cj is calculated similar to the temperatures of thermal 
model, using the upwind scheme. Therefore, the concentration Cj is the same concentration of the 
upstream node. Finally, the time dependent term is expanded using the backward Euler formulation, 
obtaining Eq. 16. 

 
𝜕𝜕𝑖𝑖
𝑡𝑡−𝜕𝜕𝑖𝑖

𝑡𝑡−∆𝑡𝑡

∆𝜕𝜕
+ ∑ 𝜌𝜌𝑗𝑗𝜕𝜕𝐴𝐴𝑗𝑗𝐶𝐶𝑗𝑗𝜕𝜕𝑗𝑗 = ∑ 𝐷𝐷𝑗𝑗𝐴𝐴𝑗𝑗

𝜕𝜕𝑖𝑖
𝑡𝑡−𝜕𝜕𝑗𝑗

𝑡𝑡

𝐿𝐿𝑗𝑗𝑗𝑗 + 𝑆𝑆𝜕𝜕,𝑓𝑓                (16)

     
Matrix formulation 
 
The previously mentioned incidence matrix is used to reformulate the equations. Through this 
procedure the obtained equations are independent of the topology of the network, as the incidence 
matrix synthetizes the flow directions and links of branches with nodes.  
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𝐴𝐴𝐺𝐺𝜕𝜕 + 𝐺𝐺𝐸𝐸𝐸𝐸𝑇𝑇𝜕𝜕 + 𝑟𝑟𝜕𝜕 = 0     (17) 
 

In Eq. 17 we can observe the simplified continuity equation. As before it is evaluated in the nodes, the 
term AGt accounts for the flow entering the node from linked branches (as the product of the A 
incidence matrix, non-dimensional, and the flow vector G [m3/s]), Gt

EXT the flow entering or exiting to 
the exterior and rt is accumulation time dependent term. 

 
𝐴𝐴𝑇𝑇 ∙ 𝑃𝑃𝜕𝜕 = (𝑅𝑅𝜕𝜕 + 𝐶𝐶𝜕𝜕) ∙ 𝐺𝐺𝜕𝜕 − 𝑡𝑡𝜕𝜕 − 𝑠𝑠𝜕𝜕    (18) 

 
Then in Eq. 18 can be seen the relation between the pressure change (product of the transposed 
incidence matrix AT and the pressure P), on the left side. And the flow losses and localized pressure 
variations, in the right. This losses are calculated taking into account the R, matrix of resistivity that 
includes the localized and distributed losses, C and s that represent a resistivity and other pressure 
effects due to the transient calculations, and t represents the other sources of pressure, among them 
fans, piston effect, buoyancy.  
 
The matrix form of the thermal model is in Eq. 19. In Eq. 19 the left side contains a Diagonal “Mass” 
matrix Mt, the Stiffness matrix Kt and the Temperature vector Tt, meanwhile the right side has the ft 
that corresponds to the known temperatures, as boundary conditions, M (t-∆t) T(t-t∆) is the “mass” and 
temperatures of the previous time step and Φv,i is a heat source term. 
 

(𝑀𝑀𝜕𝜕 + 𝐾𝐾𝜕𝜕)𝑢𝑢𝜕𝜕 = 𝑓𝑓𝜕𝜕 + Φ𝑣𝑣,𝑓𝑓 + 𝑀𝑀𝜕𝜕−∆𝜕𝜕𝑢𝑢𝜕𝜕−∆𝜕𝜕   (19)
  

Equation 20 shows the matrixial formula for the mass transportation model. In the left side are the 
variables related to the change of concentration, and in the left the ones related to the known 
concentrations and species sources. In short, the structure is the same that the thermal model has. 
 

�𝑀𝑀𝜕𝜕
𝜕𝜕 + 𝐾𝐾𝜕𝜕𝜕𝜕�𝐶𝐶𝜕𝜕 = 𝑓𝑓𝜕𝜕

𝜕𝜕 + 𝑆𝑆𝜕𝜕𝜕𝜕 + 𝑀𝑀𝜕𝜕
𝜕𝜕−∆𝜕𝜕𝐶𝐶𝜕𝜕−∆𝜕𝜕   (20) 

 
Equation 20 has as Eq. 19 a “mass”, Mc, and stiffness, Kc, matrix, a vector of known concentrations, 
fc, a source term of concentration, Sp and the las term is the product of the “mass” and temperature of 
the previous time step. 
 
Solution procedure 
 
The SIMPLE algorithm (Semi-Implicit Method for Pressure Linked Equations), proposed by Patankar 
and Spalding [24], is used to obtain the model solution. The SIMPLE is based in a guess and correct 
procedure [23] that uses the matrixial form of the equations to iterate the system until finding the flow 
and pressures that take the system towards equilibrium, in each time step. 
 
The simplified procedure the SIMPLE adopts is shown in fig.2. This procedure starts the update of the 
variables, flow and pressure, then the flow is calculated with the updated pressure, and a change of 
pressure is calculated with the new flow. The pressure and flow for the next time step are obtained 
using under-relaxation constants, αp and αg both equal to 0.5. Subsequently, both the temperature and 
concentration are updated. 
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Figure 2 SIMPLE Algorithm Procedure 
 
3D descriptions and characteristics 
The CFD code that simulates the 3D area is the FDS, in its 6.7 version. The FDS is an open source 
program, its coded in Fortran 90, and is capable of simulating a wide selection of fire and ventilation 
scenarios. Some of the main characteristics of diverse tools of the FDS are: 
 
•Geometry: The meshes and obstructions most have rectangular cuboid shapes, or cubical shapes for 
more stability. Parallelization can be implemented by using more than one mesh and using the MPI 
(Message Passing Interface) tool. 
 
•Hydrodynamic Model: Implements the LES (Large Eddy Simulation) turbulence model, when not 
using DNS (Direct Numerical Simulation). The solution is obtained through a two-step “predictor 
corrector” algorithm that solves the Navier-Stokes equations.  
 
•Combustion model: Combustion is treated in several modes, from the Arrhenius reaction formula to 
a simple model of mixing controlled reaction, where mixed equals burnt. The default combustion 
model is a single step, mixing-controlled reaction (where mixed is equal to burnt). This reaction uses 
only 3 reactants air, fuel and products, lumping them to make it simpler and faster.  
 
For more details on how the FDS works we refer the reader to the different guides included with the 
FDS, the User Guide and the Technical Reference Guide [1,26]. 
 
Coupling between the 3D and 1D models 
 
The coupling between the sub algorithms can be classified as a non-overlapping Dirichlet-Neumann 
Direct coupling, this according to [25]. This means that the meshes of the two sub-algorithms don’t 
share any part of the domain, as non-overlapping, and that the two algorithms work together, sharing 
data while they run their calculations, as a direct coupling.  
 
FDS and WhiteSmoke are compiled together, which makes possible a constant and fast 
communication between them. In order to achieve this, several parts of the codes were modified to 
allow a fast exchange of data, and to introduce the new kinds of boundary conditions needed for the 
interface between the sub-models. In this sense other than extracting data a new namelist was 
introduced to the FDS, the EXCH namelist, used to declare the position and characteristics of the 
boundary between the 3D and 1D. 
 
Specifically, this new namelist can assign the boundary to kinds of profiles, with different functions, 
the “VEL” boundary and the “PRES” boundary condition. 
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 “PRES” Boundary 
 
In the “PRES” boundary the 3D imposes the pressure to the 1D and the 1D instead imposes the flow, 
including its temperature and composition, to the 3D. This boundary was built using as a base the 
VENTs in FDS, and therefore shares its properties. This means that the boundary behaves as a wall 
capable of allowing the flow of species in just one direction, being an inlet or outlet. Then, the 
exchange that occurs in this boundary assigns the average of the pressure in the wall as the pressure in 
the node linked to this BC. And at the same time assigns the flow, temperature and concentration, of 
the 1D node as uniform properties of the wall boundary. 
 
 “VEL” Boundary 
 
Instead, in the “VEL” boundary condition happens the opposite, the 3D imposes the flow, including 
the temperature and composition, and the 1D imposes the pressure. Like the previous boundary was 
similar to the VENT, this one is similar to the OPEN boundary. Being similar to the OPEN boundary 
gives it the capability to have flows in both directions simultaneously. Then, regarding the data 
exchange now the 1D node imposes the pressure uniform pressure in the wall, using the dynamic 
pressure property, and the 3D imposes the average of the flow, temperature and concentration, of the 
cross-section, to the connecting node of the 1D. 
 
Boundary considerations 
 
The FDS user guide [1], recommends having one pressure and one flow boundary condition when 
simulating tunnels, opposed to using 2 pressure conditions. Because of this both of the proposed 
boundary conditions are useful. Still, they must be placed in the side of the simulation that exploits 
better their capabilities. Therefore, the recommended layout would involve a PRES boundary 
condition upstream of the fire, at a distance higher than the backlayering distance (that can be 
calculated with different expressions like [13]) and a “VEL” boundary condition downstream of the 
fire. The distance downstream of the fire before the 1D boundary is mainly defined as a compromise 
in accuracy and computational speed, as having a small 3D domain is faster to simulate but introduces 
to the 1D properties that are not uniform in the cross-section and that will not be accurately simulated 
in the 1D. The ideal downstream distance would let the density and temperature arrive to the 
environmental value, but to be reasonable it is shorten to a distance where the temperature and density 
gradients are relatively low. A schematic example can be seen in Fig. 3. 
 

 
Figure 3 Boundary Placement 
 
 
 
Differences and Improvements regarding the HVAC function of the FDS 

The FDS has developed a functionality inside its code to add Heating, Ventilation and Air 
Conditioning systems to its simulations. The HVAC system uses a 1D representation of the 
ventilation network also formed of nodes and ducts, can impose ambient condition in its ends and link 
different closed zones inside the same simulation.  
 
The HVAC and the 1D-3D algorithm proposed represent the networks in the same way, but the 
treatment that is given to the data is different. The 1D-3D calculates most of the quantities the HVAC 
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does, as the losses (both minor and flow losses), the mass fractions, among others. Also, it has some 
added capabilities like calculating the heat losses through the network, being able to impose 
pressurized and velocity boundaries, other than just ambient and another closed chamber. Even more, 
the way the 1D3D is built is bulkier, featuring a direct coupling between both algorithms, while FDS 
and HVAC has a non-direct coupling and may struggle with big inlets or outlets, as it was not meant 
for them. 
 
TEST CASES 
 
A one carriage tunnel was simulated with the Multiscale model and only with FDS. Comparing the 
results is possible appreciate the capabilities of the Multiscale. 
 
The tunnel dimensions are of 4.8m x 4.8m x 600m. The roughness of the walls is of 0.0042m. The 
walls are modelled as inert walls at a fixed temperature, simulating the heat exchange was evaluated 
and was seen that in the present case the temperature difference was similar in both cases.  
 
The Heat comes from a 2MW fire. The combustible is Diesel, placed in a pool, with a Heat of 
combustion of 43027 kJ/kg and a soot yield of 5%. The Diesel pool dimension are 1.2m x 1.2m x 
0.3m and it is placed at 300 meters of the tunnel entrance, on the floor in the midpoint of the track. 
 

 
Figure 4 Multiscale (up) and Full 3D (down) simulation domains 
 
The full FDS simulation (600m) and the Multiscale simulation (250-3D 350-1D), as they can be seen 
in figure 4, are compared. Both simulations are compared twice, using different mesh sizes, 0.3m and 
0.25m, in their cubical meshes. 
 
The size of the 3D domain in the Multiscale was selected considering different factors. In the 
upstream boundary the distance was selected to be superior to the backlayering distance, this distance 
was calculated using different the formulas from [4] . Meanwhile, the downstream boundary distance 
was selected as to provide a sufficiently uniform flow and temperature field, but being permissive. Is 
necessary in this case to pick a distance that ensures time reduction with not much loss of accuracy. 
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RESULTS 
 
The results from the FDS and Multiscale are compared to show the usefulness of the Multiscale 
towards time saving and accuracy. 
 
 
  

 
Figure 5 Calculation time comparison between a Multiscale and FDS simulation, with a mesh of 0.3m 

 
  
Figure 6 Calculation time comparison between a Multiscale and FDS simulation, with a mesh of 
0.25m 
 
In figure 5 and 6 the models are compared. In both graphs is appreciable that the FDS alone needs 
more calculation time to simulate the same amount of time. In the case of figure 6 the time the FDS 
needs doubles the time needed by the multiscale; This reflects a reduction of calculation time almost 
proportional to the domain portion simulated in 1D. In the figure 5 the difference in the first 400 
seconds of the simulation is close to a 20- 30%, but it grows after this point. The cause of the growth 
in the FDS time is mostly due to irregularities in the exit boundary after the flow arrives to it. As the 
flow is hotter than the exterior the buoyancy forces push the flow upwards, producing faster velocities 
in this region and flow reversal in the lower part of the tunnel. 
 
Buoyancy as a physical phenomenon is working in a correct way, but the velocity distribution it 
creates close to the boundary is unstable and can create issues with pressure, temperature and velocity. 
These issues are also reflected in figures 7 and 8. 
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Figure 7 Temperature Difference between the Full 3D and Multiscale simulations with the 0.3m mesh 
  

 
 
Figure 8 Velocity Difference between the Full 3D and Multiscale simulations with the 0.3m mesh 
 
The figures 7 and 8 evidence that the results of both of the models are similar, the differences in 
velocity remain below the 0.15 m/s and in temperature below the 7 degrees Celsius. 
 
In both figure 7 and 8 a total of 4 points of interest can be clearly distinguished. The first one is 
around 80 meters upstream of the fire. This first point matches with the backlayering lengths of both 
simulations. The sudden raise and decrease of the temperature and velocity difference are a 
consequence of a slight difference in the backlayering distance. Being the backlayering difference of 
around 5 meters the error disappears as soon as both simulations reach similar properties. The 
difference in velocity is important in this point as inside the backlayering length the flow has 
velocities in the 3 components, but upstream to it the velocity is mostly unidimensional, and therefore 
lower. The difference in temperature is caused by the smoke, which is hotter than the tunnel air 
upstream of the backlayering distance. 
 
The second interest point would be the fire itself, positioned in the centre of the tunnel length. In this 
point the difference is linked to the high velocities and temperatures around the fire, and the random 
character of it. 
 
The third interest point is the boundary condition between the 1D and 3D in the Multiscale simulation. 
Here the buoyancy at OPEN boundaries is seen in the Multiscale simulation. This buoyancy is 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

185



reflected as a sudden increase in the velocity of the multiscale before the boundary and a drop in the 
temperature because of the flow reversal, as cold air enters. 
 
The last point of interest is the OPEN boundary 300 m downstream. In this point the issue is the same 
with the buoyancy, the velocity in the end of the 3D rises and the temperature decreases. Still, as the 
problems is seen both in the multiscale and in the 3D, the temperature in the end is the almost the 
same in both simulations. 
 

 
  
Figure 9 Comparison of Soot mass fraction [10-4*kg/kg] 
 
Finally, in figure 9 it is evident the light difference of the total distance occupied by the backlayering 
smoke. This difference develops into a velocity and temperature difference. However, both images are 
very similar, which supports the similarity of the simulations and the accuracy of the model as a 
whole. 
 
CONCLUSION 
In this paper a Multiscale Model was proposed and tested. Comparisons with a full 3D simulation 
indicate that it manages to save calculation time in long tunnel fire simulations without losing a 
considerable amount of precision. Therefore, the modification of the FDS tools, and introductions of 
the Whitesmoke as a 1D sub-model provides a new Multiscale tool. This development introduces  
new opportunities for applications of the FDS software. Still, despite the good coupling between both 
sub-models some imprecisions have been inherited from the OPEN boundaries.  
 
Therefore, the development of the Multiscale model would involve further modifications in the code 
to obtain a more coherent boundary condition and minimize the difference between the Multiscale 
model simulation and the 3D simulation. 
  
REFERENCES 

1. McGrattan, K., Hostikka, S., McDermott, R., Floyd, J. and Vanella, M., Fire Dynamics 
Simulator (Version 6), User’s Guide, NIST Special Publication 1019, 2013 

 
2. Cheng, L., Ueng, T. and Liu C., Simulation of ventilation and fire in the underground facilities. 

Fire Safety Journal , 36, 597-619, 2001 

3. Riess, I., Bettelini, M. and Brandt, R., SPRINT––a design tool for fire ventilation. Proceedings 
of aerodynamics and ventilation of vehicle tunnels conference, Boston, USA, November 2000 

4. Wu, Y. and Bakar, M., Control of smoke flow in tunnel fires using longitudinal ventilation 
systems—a study of the critical velocity, Fire Safety Journal, 35, 363-390, 2000  

5. Wade, C. and Barnett, J., A Room-Corner Fire Model Including Fire Growth On Linings and 
Enclosure Smoke-Filling. Journal of Fire Protection Engineering, 8, 183-193, 1996 

6. Floyd, J., Hunt, S., Williams, F. and Tatem, P., A Network Fire Model for the Simulation of 
Fire Growth and Smoke Spread in Multiple Compartments with Complex Ventilation. Journal 
of Fire Protection Engineering, 15, 199–229, 2005 

7. Trouvé, A. and Wang, Y., Large eddy simulation of compartment fires, International Journal 
of Computational Fluid Dynamics, 24, 449-466, 2010 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

186



8. Wahlqvist, J. and Van Hees, P., Validation of FDS for large-scale well-confined mechanically 
ventilated fire scenarios with emphasis on predicting ventilation system behavior. Fire Safety 
Journal, 62, 102-114, 2013 

9. Jenft, A., Collin, A., Boulet, P., Pianet, G., Breton, A. and Muller, A., Experimental and 
numerical study of pool fire suppression using water mist, Fire Safety Journal Volume, 67, 1-
12, 2014 

10. Chow, W., Gao, Y., Zhao, J., Dang, J. and Chow, N., A study on tilted tunnel fire under natural 
ventilation. Fire Safety Journal, 8, 44–57, 2016 

11. Hsu, W., Huang, Y., Shen, T., Cheng, C., and Chen, T., Analysis of the Hsuehshan Tunnel Fire 
in Taiwan. Tunnelling and Underground Space Technology, 69, 108–115, 2017 

12. Li, Y., Fan, C., Ingason, H., Lönnermark, A. and Ji, J., Effect of cross section and ventilation 
on heat release rates in tunnel fires. Tunnelling and Underground Space Technology, 51, 414–
423,2016  

13. Li, Y., and Ingason, H., Effect of cross section on critical velocity in longitudinally ventilated 
tunnel fires, Fire Safety Journal, 91, 303–311, 2017 

14. Haghighat, A., Luxbacher, K., and Lattimer, B., Development of a Methodology for Interface 
Boundary Selection in the Multiscale Road Tunnel Fire Simulations. Fire Technology, 54, 
1029–5066, 2018 

15. Ang, C., Rein, G., Peiro, J., and Harrison, R., Simulating longitudinal ventilation flows in long 
tunnels: Comparison of full CFD and multi-scale modelling approaches in FDS6. Tunnelling 
and Underground Space Technology, 52, 119–126, 2016  

16. Vermesi, I., Rein, G., Colella, F., Valkvist, M., and Jomaas, G., Reducing the computational 
requirements for simulating tunnel fires by combining multiscale modelling and multiple 
processor calculation. Tunnelling and Underground Space Technology, 64, 146–153, 2017.  

17. Colella, F. (2010). Multiscale Modelling of Tunnel Ventilation Flows and Fires, Edinburgh, 
2016 

18. Colella, F., Rein, G., Borchiellini, R., and Torero, J., A Novel Multiscale Methodology for 
Simulating Tunnel Ventilation Flows During Fires. Fire Technology, 47, 221–253, 2011  

19. Colella, F., Rein, G., Verda, V., and Borchiellini, R., Multiscale modeling of transient flows 
from fire and ventilation in long tunnels. Computers & Fluids, 51, 16–29, 2011  

20. Colella F., Rein, G., Verda V., Borchiellini R. and Torero, J.L., Time-dependent Multiscale 
Simulations of Fire Emergencies in Longitudinally Ventilated Tunnels. Fire Safety Science, 10, 
359-372, 2011 

21. Cosentino, S. Innovative Modelling Approaches For the Design, Operation and Control of 
Complex Energy Systems with Application to Underground Infrastructures. Torino. (2016) 

22. Chandrashekar, M. and Wong, F., 1982. Thermodynamic system analysis – a graph-theoretic 
approach. Energy, 7, 539-566, 1982 

23. Sciacovelli, A., Verda, V. and Borchiellini, R., Numerical Design of Thermal Systems. Clut. 
2013 

 
24. Patankar, S., Numerical Heat Transfer and Fluid Flow. Tayor & Franci, 1980 
 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

187



25. Quarteroni, A., Valli A., Domain Decomposition Methods for Partial Differential Equations, 
Oxford Science Publications, 1999. 

 
26. McGrattan, K., Hostikka, S., McDermott, R., Floyd, J. and Vanella, M., Fire Dynamics 

Simulator Technical Reference, Guide: Volume 1: Mathematical Model. NIST Special 
Publication 1018, 2013 

 
 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

188



Quantitative risk assessment of a Fixed- Fire-Fighting-
System in the rescue station of the Semmering Base 

Tunnel 
 
 
 

Oliver Heger1 & Florian Diernhofer1, Verena Langner2, Thomas Thaller3 

1ILF Consulting Engineers Austria GmbH, Linz, Austria 
2Gruner GmbH, Vienna, Austria 

3OEBB-Infrastruktur AG, Graz, Austria 
 
 
 
ABSTRACT 
 
With the Koralm tunnel, the Semmering base tunnel (SBT) and the Brenner base tunnel, three of the 
longest and best equipped railway tunnels will go into operation in the intended period of time from 
2025 to 2028. One strongly discussed topic in the scope of the safety design of such long railway 
tunnels is the appropriate choice of fire fighting system. Given the high overall safety standard of the 
named projects, the question of effectivity and launching of fixed fire fighting systems (FFFS) during 
the evacuation procedure is not straight foreward, in particular when interactions with additional 
safety measures, such as smoke extraction systems, have to be considered. To answer this open 
questions a quantitative risk model is presented which allows for the direct comparison of different 
design variants, in particular rescue stations with and without a permanently installed FFFS. The 
application of the developed model on the 27 km long SBT shows that, depending on the surrounding 
safety equipment in the rescue station, the activation of FFFS does not inevitably lead to decreasing 
fire consequences for passengers. In fact the activation of the considered high pressure water mist 
system (HPWM) can  have  an unvavourable impact on evacuation conditions due to the destruction 
of a partly formed smoke layer and a consecutive worsening of visibility. The developed model 
allows for a risk quantification of these influences and a relative comparision of risk reducing 
measures.  
 
KEYWORD: risk assessment, fire risk, long railway tunnel, rescue station, fixed fire fighting system, 
high pressure water mist 
 
INTRODUCTION AND MOTIVATION 
 
With the Koralm tunnel, SBT and Brenner base tunnel, three of the longest and best equipped railway 
tunnels will successively go into operation within this decade. Together with the Swiss mega tunnels 
(Gotthard and Lötschberg base tunnel, Ceneri Tunnel under construction) the train kilometres through 
the alps will drastically increase, reducing both environmental pollution and overburden of the road 
network in alpine regions. Referring to the incident management this considerable enhancement in 
railway traffic will also lead to an increase in the frequency of train fires within an underground 
environment. Generally speaking, due to very small incident rates, train accidents are very seldom 
events if compared to road tunnel accidents (collisons). Therefore, consecutive fires in railway tunnels 
following collisions or derailments are absolutely rare. The majority of train fires in railway tunnels 
develop from technical failures and defects of the rolling stock or because of intentional misconduct 
of train drivers or passengers, as can be seen in the listed major events [1] [2] in Table 1. 
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Table 1 Condensed list of recent fires in railway tunnels. 
 

Tunnel name (country) Year Train typ / cause of fire Consequences 
Channel tunnel 
(France/UK) 

1996 Freight train / Suspected arson of 
lorry 

34 injured persons, one 
tube closed for 6 months 

Guizhou Chaoyangba 
(China) 

1998 Mixed train / gas canister leakage, 
explosion 

more than 80 fatalities 

Salerno (Italy) 1999 Passenger wagon / vandalism 
(smoke bomb) 

4 fatalities and 9 injuries 

Kitzsteinhorn (Austria) 2000 Cable car / hydraulic oil leak to 
electrical heater 

155 fatalities 

Channel tunnel 
(France/UK)) 

2008 Freight train / assumed electrical 
fault of a road vehicle (lorry) 

14 injured persons, one 
tube closed for 5 months 

 
Fire resistance of the train carriage interior as well as the reliability of the technical systems tend to 
improve constantly which directly counteracts the main ignition sources. In addition, even in case of a 
fire, the applied rolling stock is known to have high run-on characteristics which further reduces the 
probability for a train fire causing a halt inside a tunnel. However, due to the expectable increase of 
tunnel train kilometres (i.e. alpine transversal mega tunnels) as well as the decreasing chance of a 
burning train leaving such long tunnels, the overall frequency of train fires and evacuations in tunnels  
must be considered to increase. Hence,  the implementation of rescue stations respective subsurface 
fire fighting points in such long underground structures is obligatory. As an example the rise in train 
kilometres on the Austrian Federal railway network due to the operation of new alpine railway tunnels 
is presented in Table 2. 
 
Table 2 Rise of traffic volume in railway tunnels compared to 2014. 
 

Overall tunnel train km (Austrian federal railway network) in 2014 approx. 8 million km / year 
Rise due to start-up of the Koralm line incl. Koralm tunnel in 2025  + 27 % 
Rise due to start-up of the SBT in 2027  + 25 % 
Rise due to start-up of the Brenner base tunnel at earliest 2028  + 60 % 
Total rise compared to 2014  + 112 % 

 
As a result of the expected increase of railway tunnel fires a reconsideration of appropriate additional 
safety measures for very long tunnels has become necessary. The implementation of rescue stations in 
very long tunnels has become common practice. These stations are prepared for a quick evacuation 
procedure and are normally equipped with effective ventilation systems, have short emergency exit 
distances and advanced optical guiding systems. Furthermore the implementation of FFFS within 
resuce stations has been considered. Although the benefits of such systems with respect to structural 
safety are undoubted, see [3] for example, the effects during the passenger evacuation are intensively 
discussed by the tunnel safety community. On the one hand, FFFS (e.g. HPWM) are very efficient in 
fire size reduction and shielding of heat radiation which increases the survivability of evacuees. On 
the other hand, the insertion of water droplets with high downward momentum and high cooling 
effect will destroy a potential smoke layer and can also lead to irritation of the evacuees [4][5][6]. The 
question for the overall effect becomes even more advanced when interactions with other safety 
measures, such as smoke extraction systems, have to be expected. To investigate the effects of a FFFS 
a quantitative risk assessment model focusing on the change in passenger risk due to the activation of 
a HPWM in case of an evacuation of a burning passenger train inside the rescue station has been 
developed. The model presented in this paper has been applied on the SBT. The named tunnel, now 
under construction, will be crucial part of the “Southern Line” of the Austrian federal railway network 
and contribute to the Baltic-Adriatic corridor. 
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THE SEMMERING BASE TUNNEL (SBT) 
 
After the future start of operation in 2026 the SBT will connect Gloggnitz and Mürzzuschlag in 
Austria and underpass the eastern part of the northern alpine chain. With a total length of 27.3 km the 
twin tube – single track high speed railway tunnel will be a sensitive part of the connection between 
Vienna - Graz and contribute to the Baltic-Adriatic corridor of the trans-European railway network. 
Traffic forecasts predict a traffic volume of approximately 50 passenger trains and 150 freight trains 
per day travelling through the SBT. The maximum train speed along the tunnel will be 230 km/h. 
Both tubes are connected via cross-passage every 500 m. The rescue station approximately in the 
middle of the tunnel can be reached via 9 emergency exits every 50  m along rescue platforms in both 
tubes. Main objective of the rescue platform is to create conditions particularly favourable for the 
train evacuation. General tunnel parameters are given in Table 3. In the tunnel tubes the 450 m long 
rescue platform is equipped with an efficient smoke extraction and fresh air supply system. In case a 
passenger train on fire stops in the rescue station the smoke is exhausted through five exhaust ducts 
located above the rescue platform. The total exhaust capacity is 250 m³/s. 100 m³/s of fresh air are 
mechanically supplied through the 9 emergency door openings between the rescue platform and the 
escape tunnels. The induced airflow through the escape tunnels prevents hot smoke from entering the 
central rescue and waiting room. Figure 1 shows a schematic representation of the rescue platform.  
 
Table 3 Geometric parameters of the SBT 
 

Parameter Parameter value according to current planning 
Tunnel length of northern tube (track 1) 27’278 m 
Tunnel length of southern tube (track 2) 27’329 m 
Inclination (east to west) 0.84 % 
Tunnel cross-section  41.65 m² (NATM) / 42.71 m² (TBM) 

 
 

Figure 1 Schematic representation of the rescue station in the SBT 
 
The prior aim of the study is to investigate the impact of a FFFS on the evacuation in the rescue 
station. The influence is expressed by the calculated risk values for the passenger mortality caused by 
fire. Therefore a HPWM along the rescue platform is added to the above presented rescue station and 
ventilation design. The generic input parameters of the rescue station to design the HPWM are 
presented in Table 4. 

rescue platform

rescue platform

1st of 5 exhaust ducts
11.03 km to western portal

last of 9 escape tunnels
11.48 km to western portal

1st of 5 exhaust ducts
15.88 km to eastern portal

southern tube

northern tube

last of 9 escape tunnels
16.33 km to eastern portal

Vienna

Graz

rescue and waiting room
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Table 4 Generic parameters of the water mist system above the rescue platform 
 

Parameter Parameter value 
Water application rate 670 l/min 
Activation length 60 m 
Droplet diameter ~ 5 10-5 m 
Droplet velocity  ~ 65 m/s 

 
FFFS IN TUNNELS 
 
While FFFS in tunnels have been more or less a common risk mitigation measure in Japan and 
Australia for several decades, the implementation of such systems in Europe, at least in road tunnels, 
has recently started to increase. The Channel tunnel, between Calais in France and the city of 
Folkestone in England, is one of the few famous representatives for long railway tunnels equipped 
with a FFFS, which is specifically installed inside each of the two fire fighting points along the tunnel. 
The HPWM was implemented following a major fire in the Channel tunnel in 2008, see Table 1. As 
part of the implementation of the system, extensive large scale fire tests had been carried out in a 
Spanish test tunnel, where the effect of the planned HPWM on tunnel fires with heat release rates 
above 200 MW were investigated. A temperature reduction from 1.200 °C before activation to below 
50 °C after activation of the HPWM was measured [7].  
 
Furthermore, several research projects had been undertaken to investigate the effect of FFFS on fires 
in road tunnels. The most important examples are the European research project UPTUN [8], the full 
scale fire tests in the Runnehamar tunnel [9] and the research project of the German federal ministry 
for economic affairs and technology SOLIT² [10]. The gained knowledge regarding the effectivity of 
FFFS in road tunnels was collected and summarized in the research report of the German federal 
ministry for traffic and digital infrastructure in 2014 [11]. A general fire size reduction of 50 % 
compared to the maximum heat release rate of a tunnel fire was deduced as a consequence of the 
activation of a FFFS in the early stage of fire development. A representative example for the deduced 
heat release reduction (also for later activation times), measured within the SOLIT² project, is 
depicted in Figure 3 [11].  
 

 
 
Figure 3 Fire size development of a potential 100 MW fire for different FFFS activation times 
 
In addition to the heat release rate reduction and the associated reduction of released combustion 
products, shielding of the emitted thermal radiation is a major benefit of HPWMs. Test series within 
the SOLIT² project showed a reduction of thermal radiation from 10 kW/m² before FFFS activation to 
less than 1 kW/m² after activation. Similar temperature reductions are also known from a recent 
tunnel fire in the Arlberg tunnel in Austria. A truck transporting several passenger cars caught fire and 
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came to a stop inside the 14 km long bidirectional road tunnel. Due to the immediate activation of the 
HPWM heat release rate and thermal radiation where significantly reduces. As a result, damage to 
passengers and tunnel installations was prevented and the tunnel was reopened few hours after the 
fire, despite an estimated potential fire load of 50 MW. Besides fire size reduction and shielding of 
thermal radiation, also negative effects, in particular on passenger safety during the self-rescue 
procedure, are known and discussed for FFFS. Due to the efficient cooling of the hot smoke layer and 
the high downward momentum of the high pressure water droplets, a potential smoke layer can be 
destroyed which leads to an increased smoke density and significantly reduced visibility at face level 
[12]. The loss of visibility is further increased by the water mist itself. Another effect which can 
negatively influence the evacuation process is the so called “escape inhibition”. This term describes 
the psychologic compulsion to stay inside the vehicle which is perceived as a safe area despite visible 
smoke or the request for evacuation. Proband tests carried out in two road tunnels in Germany and 
Austria suggested a significantly increased share of non-evacuating persons due to the activation of 
FFFS [6]. Despite the small sample size and artificial setup of the proband test as well as the different 
nature between evacuation in road tunnels and railway tunnels, this effect has to be considered in the 
development of future safety- and evacuation concepts. 
 
The fire risk model which is presented in the following implements the found effects of HPWM on 
fire growth and directly accounts for the impact on the smoke layer and visibility at face level. It 
therefore allows for the assessment of the overall impact of a FFFS in an objective way, by treating 
the major effects of FFFS on a quantitative basis. 
 
INCIDENT RATES AND EXPECTED INCIDENT FREQUENCIES 
 
The quantitative risk model used to assess the effects of a HPWM activation during an evacuation 
process combines an event tree frequency analysis and a quantitative fire consequence model. The 
event tree analysis is based on incident numbers and traffic volume derived from the statistics of the 
Austrian federal railway network. Between 2007 and 2016, in total 337 fire incidents were recorderd. 
Around two third (214) of all documented fires can be allocated to passenger trains and around one 
third (96) to freight trains. The remainder of fire incidents (27) were reported on “rolling road” 
(RoLa) or miscellaneous drives. In the same ten year period approx. 1.11 billion passenger train 
kilometres and 0.63 billion freight train kilometres have been carried out. This results in average 
incident (fire) rates of 1.93E-7 fires per passenger train kilometre and 1.54E-7 fires per freight train 
kilometre. The time development of the annual fire rate together with the 10 year average rate are 
depicted in Figure 1 and Figure 2 for passenger and freight trains, respectively. The annual number of 
expected fire incidents in the SBT are obtained by multiplying incident rates and according expected 
annual train kilometres through the SBT. Table 4 shows the resulting numbers of fire incidents per 
year as well as the equivalent annualities (average number of years between expected incidents). 
 
Table 4 Average expected numbers of fire incidents in the SBT 
 

Incident type Incidents per year Annualty of incident 
Passenger train fire 0.098 1 incident every 10.2 years 
Freight train fire 0.233 1 incident every 4.3 years 

 
In total 0.326 fire incidents per year are to be expected in train service through the SBT based on 
average network-wide fire rates. This number is however conservative and has to be considered in the 
context of collection methodology of the fire incident data. The presented data record is not sensitive 
to fire size or fire consequences. For that matter all incidents including fire or smoke development are 
reported and taken into account in the fire incident data although only a small share of all 337 
documented fire incidents are known to lead to either personal or material damage. However, because 
of lacking detailed information on the distribution of fire sizes, only fully grown fires, either one-
carriage (14 MW) or two-carriage (28 MW) fires, have been considered in the fire consequence 
analysis. This has to be kept in mind when interpreting the resulting risk expectation values (EV) in 
the upcoming chapters. 
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Figure 2 Time development of passenger train fire rates together with 10-year average value 
 
 

 
 
Figure 3 Time development of freight train fire rates together with 10-year average value and  
 
Because modern passenger trains are known to have high run-on characteristics the expected number 
of fire incidents with halt and evacuation inside the tunnel has to be significantly reduced. It has been 
assumed that in 95 % of fire incidents in the tunnel, the train driver is able to either reach the rescue 
station or to leave the tunnel. It has been further assumed that if the fire is detected before reaching 
the rescue station, the train will be stopped there and persons evacuate through the escape tunnels into 
the rescue or waiting room. Furthermore, the present study focuses on personnel safety. Thus, only 
passenger train fire incidents have been considered in the further investigation. Table 5 shows the 
expected incident frequency of 0.047 fire incidents entailing an evacuation in the rescue station.  
 
Table 5 Expected passenger train fires with respect to different evacuation locations 
 

Incident type Incidents per year Annualty of incident 
Evacuation in rescue station 0.047 1 incident every 21 years 
Evacuation outside of the tunnel 0.047 1 incident every 21 years 
Evacuation somewhere in the tunnel 0.005 1 incident every 200 years 
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Event tree analysis 
 
Starting from the initial incident (train fire and stop next to rescue station) the incident consequences 
are further analyzed by means of an event tree. The event tree includes the most probable chains of 
events taking different scenario developments into account. The branching possibilities considered in 
the present event tree study are: 
 

• Driving direction (track 1 / track 2): symmetric train numbers and train kilometres for both 
driving directions lead to equal conditional probabilities for both branching options. 

• Fire size (14 MW, 28 MW): The effectivity of a FFFS is expected to depend on the 
considered fire size as well as the fire development. Two different maximum heat release 
rates representing one-carriage and two-carriage fires have been considered. Since no 
information on recorded fire sizes was included in the underlying incident data two different 
probabilities have been assumed. In a first approach equal conditional probabilities (of 0.5 
and 0.5) for 14 MW and 28 MW fire sizes were applied. In a second approximation, a 0.9 to 
0.1 probability distribution for 14 MW and 28 MW fires was assumed. 

• Location of the fire source (inside / outside the carriage): The location of the fire source 
influences the effectivity of different safety measures. A fire source outside the carriage (e.g. 
hot axle box) is more exposed to water droplets of the FFFS.  

• Location of the burning carriage (6 fire locations within the rescue station): The train 
movement strictly defines the direction of initial airflow. Therefore, the longitudinal location 
of the burning carriage influences the length of the area where evacuating passengers are 
exposed to smoke on their evacuation path. Equal conditional probabilities (1/6) have been 
assumed for the different considered carriage locations. 

• Portal pressure difference (4 portal pressure differences): The prevailing portal pressure 
difference influences the longitudinal flow through the tunnel and therefore the smoke 
distribution on the rescue platform in case of a fire. The 4 portal pressure differences are 
considered according to their probability of occurrence obtained from a one-year 
meteorological measurement. 

 
Following the presented branching points and their respective multiplicity 192 different passenger 
train scenarios have been investigated for the application of the risk model for each specific 
equipment design variant of the rescue platform. By assigning the conditional probabilities at the 
branching points, final frequencies can be obtained for all scenarios starting from the initial incident 
frequency. Together with the expected fatality numbers per scenario, which have been calculated by 
means of the consequence model described in the following, risk expectation values for all distinct 
scenarios can be generated. The cumulated risk expectation value for one specific design variant (e.g. 
HPWM) is then defined as the sum over all scenarios . 
 

 
 
Figure 3 Outline of the considered event tree including the first two branching points 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

195



 
CONSEQUENCE MODELLING 
 
A consequence analysis, estimating the expected number of fatalities per event, has been carried out 
for each distinct event tree scenario. The consequence analysis consists of the following steps: 
 
1D - Analysis 
 
The time development of the longitudinal airflow velocity profile together with the mass flows 
through escape tunnels and exhaust ducts has been calculated by means of an in-stationary 1D-
simulation Modell (IDA-Tunnel). Meteorological boundary conditions, tunnel geometry, traffic 
parameters, ventilation design and the train fire typ have been fully taken into account. Fire growth 
has been modelled by a quadratic increasing heat release rate with a growth coefficient of 𝛼𝛼 =
31 [𝑊𝑊 𝑚𝑚−2]. For reasons of conservativity, the fire is assumed to start when the incident train enters 
the tunnel, which is approximately 10 minutes before reaching the rescue platform. Figure 5 and 
Figure 6 depict the development of airflow velocities 200 m before and after the platform boundaries 
as well as the mass flow rates through emergency door openings and smoke exhaust ducts, 
respectively, for an exemplary scenario. 
 

 
 
Figure 5 Development of longitudinal flow velocity in front of and behind the rescue platform 
 

 
 
Figure 6 Development of mass flow rates through exhaust ducts and emergency door openings  
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3D-CFD Analysis 
 
The 3D-CFD software Fire Dynamics Simulator (FDS Version 6.5.3) has been used to obtain the local 
heat and smoke- distribution on the rescue platform during passenger evacuation. FDS uses a “Large-
Eddy” approach to solve the 3D Navier-Stokes equations and is usually applied and validated for 
convection-driven flow. A spatial resolution of 2.0 m in longitudinal direction and 0.5 m in vertical 
and transversal direction has been used. Given a hardware system consisting of 108 logical nodes, this 
rather coarse mesh is necessary in order to accomplish the big amount of necessary scenarios on 
reasonable time scales. A direct proof for mesh convergence has not been carried out. Instead 
resulting smoke distributions were compared to supplementing 3D-CFD simulations, where a 
different software (STARCCM) using a finite volume approach and a resolution of 107 computational 
cells has been applied. Qualitatively speaking the results were in reasonable agreement. However, a 
quantitative comparison of temperature- and smoke profiles was not performed. A railjet twin-unit 
with a total length of 402 m and a cross-section of 18 m² has been considered as incident train. 
Ventilation system as well as portal pressure difference and buoyancy effect have been implemented 
by means of velocity- and mass flow boundary conditions. Therefore, the corresponding time-
dependent 1D-results have been applied at the domain boundaries and at the positions of emergency 
door openings and exhaust ducts. The train fire has been modelled according to the fire growth rate 
used in the 1-D CFD analysis. Two fire locations, one on top of the carriage floor (inside) and one 
beneath the carriage bottom (outside) have been considered and a cell-like fire spread was assumed in 
each case. The applied emission rates are shown in Table 6 [12].  
 
Table 6 Emission rates for considered combustion products 
 

Combustion product Emission rate 
CO2 0.092 kg/MW 
CO 0.0036 kg/MW 
HCN 0.0009 kg/MW 
Soot 0.0025 kg/MW 

 
Modelling the high pressure water mist system (HPWM) 
 
Based on the results from the research project of the German federal ministry of transport and 
technology [11], discussed in one of the previous sections, the fire size reduction due to the activation 
of the HPWM has been modelled as follows: 
 

a) For fires outside the carriage a linear reduction of the heat release rate to 50 % of the 
maximum value within 180 s after FFFS activation is assumed. 
 

b) For fires inside the carriage, a linear reduction of the heat release rate to 50 % of the 
maximum value within 180 s after reaching full fire development is assumed. This 
assumption shall reproduce the delayed onset of cooling effects due to the shielded fire inside 
the carriage compartment. 
 

c) Due to the effective shielding of heat radiation as well as the reduction of the fire size a fire 
spread from one carriage to another is prevented. Therefore only one carriage fires with a 
maxim heat release rate of 14 MW are considered in the event tree in case of FFFS activation. 
 

d) Negative effects due to a destruction of the smoke layer and the reduction of the effective 
exhaust volume are modelled directly in the FDS simulation, because HPWMnozzles have 
been explicitly included in the 3D-CFD simulations. Model parameters have been taken from 
standard installations in road tunnels and are summarized in Table 7. One type 1 nozzle and 4 
type 2 nozzles have been situated every 2 m, along a total activation length of 60, 
symmetrically around the location of the fire source.  
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Table 7 HPWM parameters in the FDS simulation 
 

Parameter Value nozzles type 1 Value nozzles type 2 
Droplet velocity 68.1 m/s 65.4 m/s 
Flow rate 14.8 L/min 1.89 L/min 
Droplet Diameter 69.3 µm 42.8 µm 

 
Evacuation simulation 
 
The 3D-CFD results have been further processed in the evacuation simulation to calculate the number 
of expected fatalities for each event-tree scenario. Therefore spatial and time-dependent smoke-, 
toxin- and temperature distributions at face level have been extracted from the 3D-CFD results and 
further processed by means of an agent-based evacuation model. For this reason a railjet twin-unit, 
holding 806 people in 14 carriages has been considered. The evacuating agents were assumed to leave 
the train at an exit frequency of 1 evacuee every 2 s for each available train door. Evacuees were 
further assumed to head to the nearest emergency exit with a mean velocity of 1 m/s. The walking 
speed of each agent was varied based on visibility and intoxication. To calculate the intoxication of 
evacuees an accumulation model has been applied. Temperature and toxin concentrations (CO, CO² 
and HCN) were used to determine the survivability of each agent [13]. 
 
RESULTS 
 
Figure 7 depicts the resulting risk expectation values (EV – Expected Value) derived from the risk 
model in case of an evacuation of a burning train in the rescue station of the SBT. The determined 
EVs lie between 0.01 to 0.02 fatalities per year, which is equivalent to 1 fatality every 50 to 100 years.  
To investigate the influence of the chosen fire size relation risk values have been computed and are 
presented for two different fire size distributions: 
 

a) The two columns on the left of Figure 7 correspond to the risk values with and without 
HPWM for an equal distribution of 14 MW and 28 MW fires 
 

b) The two columns on the right of Figure 7 correspond to the risk values with and without 
HPWM if conditional probabilities of 0.9 and 0.1 are applied to 14 MW and 28 MW fires, 
respectively. 

 

 
 
Figure 7 Expected value (EV) for train fire and evacuation in the rescue station 
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In case of an equal fire-size distribution the implementation of a FFFS does not lead to a further 
increase in passenger safety. The resulting risk with and without HPWM are more or less equivalent 
considering the accuracy of the model. If a less conservative fire size distribution with a lower 
probability (10%) for 28 MW fires is assumed, the activation of a HPWM during self-rescue leads to 
an increase of the EV. The results can be interpreted as follows. Given the high safety standard of the 
rescue station in the SBT an additional FFFS does not increase safety for fires of mediocre fire size. 
Instead the already efficient safety concept of smoke extraction and fresh air supply is disturbed. On 
the other hand, results suggest that the FFFS can improve the overall safety level in case of huge 
passenger train fires with maximum heat release rates of 28 MW. 
If a fire of 1 carriage (14 MW)  and a fire of 2 carriages (28 MW) show the same probability, the 
benefits and the disadvantages of the FFFS cancel out.  
 
However, the efficiency of a FFFS always depends on the overall safety equipment of the considered 
tunnel. In case of the SBT, where the safety level is very high, in particular within the rescue station, 
the improvement opportunities due to additional measures are very limited. This matter of fact is 
illustrated in Figure 8, where EVs of the discussed design variants – smoke extraction and air supply 
system with and without an additional HPWM – are compared to the EVs of a purely hypothetical 
design variant – rescue platform with longitudinal ventilation and an emergency exit distance of 
100 m instead of the designated 50 m. Starting from the lowest level of safety – a longitudinally 
ventilated rescue platform with emergency exits every 100 m – the implementation of a transversal 
ventilation system and an emergency exit distance of 50 m already leads to risk reductions of 93 % 
and 96 % for the two considered fire size distributions, respectively.  
 

 
 
Figure 8 Comparison of risk values for lower equipment levels 
 
The qualitative effects of longitudinal ventilation, transversal ventilation and transversal ventilation + 
FFFS on the smoke density at face level are depicted in Figure 9. The figure compares horizontal 
smoke density distributions at face level along the rescue platform, how they appeared 90 s after the 
start of the simulation. In the case of the longitudinal ventilated platform (top figure) smoke is 
distributed over the whole length of the rescue platform with a homogeneously decreasing density. In 
the case with transversal ventilation (central figure), smoke is more or less confined between the next 
two exhaust vents in downstream direction and the overall smoke density at face level is much lower. 
For the HPWM, the smoke layer is partly destroyed due to cooling effects and high downward 
momentum of the water droplets. The level of smoke confinement is comparable to the transversal 
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ventilated variant without HPWM but smoke density between the incident carriage and the next 
exhaust ducts in downstream direction is much higher (red areas). 
 

 
 
Figure 9 Comparison of smoke density at face level along the rescue platform for different 
design variants 
 
CONCLUSIONS 
 
The quantitative risk assemssment model presented in this paper allowed to calculate risk expectation 
values for passenger train fires in the rescue station of the SBT with respect to the impact of FFFS 
during evacuation. The results show that an activation of the HPWM during the evacuation does not 
necessarily lead to an improvement in the evcuees survivability. Especially concerning smaller to 
medium fire sizes the risk simulations of the airflow-, evacuation- and survivability- model resulted in 
slightly negative effects on passenger safety. This can be understood as a result of the inserted water 
droplets, provided with high downward momentum and high cooling effect, partly destroying the 
smoke layer and leading to a worsening of evacuation conditions. In contrast the results show that for 
huge fires (e.g. 28 MW) these negative effects are counterbalanced by positive cooling effects during 
the ongoing evacuation.  
For a better grading of the determined effects of the HPWM, risk values were assessed in relation to 
the effects of the other safety measures already exisiting in the overall safety concept. This 
comparison showed that other safety measures, like the powerful given ventilation system and the 
shortened distance of emergency exits at the rescue platform, are much more substantial for peoples 
(fire) risk reduction. Thus the slightly negative effects of a launched HPWM during the evacuation 
phase are finally vanishing compared to the effects of an already well equipped rescue station of the 
SBT. Therefore, the immediately activated HPWM doesn’t impair the evacuation in such an extent 
that all other advantages, like the support of the assisted rescue and firefighting as well as the 
structural fire protection, offset. This can be seen as the most important conclusion of the study. 
Finally, it should be mentioned that these results are based on numerical models which are 
comprehensible in a physical manner but necessarily restricted by model limitations. Conveniently, 
the use of the fire dynamics simulator in the context of tunnel fire safety considerations has strongly 
increased in the recent past. Thus, the know-how of application and evaluation of results and also the 
drawing of findings is permantly rising. Additionally, the intoxication model of D.A. Purser is one of 
the most sophisticated and best validated quantitative models to describe  physiolocial consequences 
of fire hazards on humans. However, the validation of FDS simulations as a confident tool for FFFS 
callculations will stay an ongoing process and is so far known to be quite sensitive to input parameter. 
The overall assessment (including the assumptions on evacuation behavior) can lead to results with 
significant variance in the derived risk values. Therefore, the presented results can be seen as one 
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important puzzle piece on the way to answer open questions and remove doubts of using FFFS also 
during evacuation procedures. 
It is quite clear that an early activation of a FFFS will reduce fire size and maxium heat release rate 
significantly which improves the accessability by the emergency response services. In case of a fully 
grown train fire, which is more likely due to long access times, fire-fighters and rescue services may 
not be able to access the tunnel. In addition, the high temperatures during such tunnel fires are very 
likely to cause serious damage to the tunnel equipment and also the tunnel lining. In addition to 
primary costs regarding refurbishment, the monetary and socio-economic costs following a long 
closure of the incident tube are very likely to justify the construction- and maintenance costs.  
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ABSTRACT 
 
A joint research project between CETU and INERIS has studied the additional risk for users ‘safety of 
NEC vehicles in road tunnels through hydrogen, compressed natural gas (CNG), liquefied natural gas 
(LNG) and electricity (lithium ion batteries). Based on occurrence rate evaluation and phenomena 
modelling, it was found out that electricity raised no additional risk. Concerning fire or jet fire not 
triggered by a fire, only hydrogen buses with 700 bars tanks or CNG buses generate a significant 
additional risk if the orientation of TPRD is horizontal. Vapour cloud explosion and tank rupture have 
a far lower occurrence than ICE (internal combustion engine) fire but their severity could be 
significantly higher in certain situations.   
 
KEYWORD: new energy carriers, risk, hydrogen, gas, electricity, heavy vehicles, light vehicles, bus, 
fire, jet fire, vapour cloud explosion, tank burst.   
 
INTRODUCTION 
 
Over the last few years, CETU has been performing studies with the aim of evaluating the additional 
risks for user safety in tunnels caused by new energy carriers (NEC). The first CETU studies enabled 
the relevant NEC to be identified, along with dangerous phenomena that they may generate. A 
qualitative assessment of the effects of the phenomena was also conducted, according to vehicle type.  
CETU then launched a joint research project with INERIS in order to quantitatively assess these 
additional risks. The energy carriers taken into account were those identified by CETU: hydrogen, 
CNG, LNG and electricity (lithium ion batteries). The vehicle types considered were light vehicles, 
heavy good vehicles and buses. 
Through the example of CNG, the article will firstly explain the methodology applied for each energy 
of this joint project: the hazard investigation, the direct and indirect risk assessment. Then, results 
concerning all energies and vehicles taken into account will be presented.  
In order to differentiate vehicle types, the unit of occurrence rates will be the number of events per 108 
km travelled by all vehicle types. This will therefore ensure comparability with the general event rates 
for ICE (internal combustion engine) vehicles. 
 
ADDITIONAL RISK ASSESSMENT – METHODOLOGY 
 
Energy presentation and hazard investigations - CNG  
 
CNG is directly used to power the vehicle motor.  
The current predominant storage method for CNG consists in pressurized tank with pressure of 200 
bar type III or type IV. Each tank is fitted with at least one TPRD (Thermally-activated Pressure 
Relief Device) to release gas and prevent a pressure rise in the tank in the event of an increase in 
temperature. It is generally activated around 120°C. Type IV tanks permit loss of tightness in the 
event of temperature increase in order to release the gas.  
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In the case of light vehicles, tanks are generally positioned under the vehicle. In the case of heavy 
goods vehicles, they are also positioned in the lower part, commonly behind the driver’s cab. In case 
of buses they are located on the top of the vehicle.  
 
Main dangerous phenomena - CNG  
 
The mains phenomena detailed below are fire with jet fire if TPRD work properly, jet fire or VCE 
(vapor cloud explosion) resulting from a collision or a malfunction during filling, tank rupture.  
As in traditional vehicles, a fire may concern a CNG vehicle. Assuming the TPRD works correctly, a 
jet fire will break out during the vehicle fire.  
Assuming a TPRD opening without engulfing fire, as the result of a collision or a malfunction during 
filling (the opening may occur after a certain period of time):   

• A jet fire will occur if an energetic enough ignition source is present in the immediate 
vicinity; 

• A VCE will occur if no source of ignition is present in the immediate vicinity but a gas cloud 
forms and encountered such an ignition source.  

Assuming a TPRD malfunctions in a situation of engulfing fire or following a mechanical impact, a 
tank burst is likely to occur. 
 
Jet fire, VCE and tank rupture are additional phenomena compare to ICE vehicle. For example even if 
a VCE with petrol may have similar consequences in a tunnel to a VCE with CNG, the petrol VCEs is 
very unlikely whereas a CNG VCE is not. Indeed, in both cases it was assumed that a rupture of the 
tank in the event of an accident is very unlikely given the current standards on mechanical resistance 
of tanks and also because the tank is, to a certain extent, protected by the vehicle. For a petrol VCE to 
occur, the accident would have to trigger a leak from the fuel delivery system. In this case, the size 
and the kinetic of the leak would have to be able to create a gasoline pool that could, with appropriate 
temperature conditions, evaporate in a cloud with a flammable mass high enough (LIE: 1.3%, LSE: 
7,1% whereas for CNG, LIE:5%, LSE:15%) to be ignited by contact with an appropriate ignition 
source and thereby impact users. This phenomenon is therefore theoretically very unlikely, which is 
confirmed by feedback. For CNG, an accidental release is enough to have a cloud. This accidental 
release could be the consequence of a collision (with a vehicle or the structure or an equipment) or a 
malfunction during filling.  
 
Event tree – example with tank rupture - CNG 
 
Cause and effects trees enabled us to specify the phenomena identified above. An example of tank 
rupture is shown on Figure 1. 
 
 
 
 

 
Figure 1   Event tree - CNG tank rupture 
 
 

AIT: Autoignition temperature 
MIE: Minimum Ignition Energy 
LFL: Lower Explosive Limit 
UFL: Upper Explosive Limit 

LFL/UFL: 5/15% 
MIE: 300 mJ 
AIT: 500°C 
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In the study, mechanical impact as a cause of tank rupture was ruled out considering current safety 
rules for CNG tank (cf.[1] ). 
Furthermore, a pneumatic tank rupture occurs when the pressure inside the tank generates levels of 
stress above acceptable levels. Pressure increases when temperature increases and when the TPRD 
malfunctions. To estimate the duration before the burst occurrence, information available in literature 
was consulted and the results of a series of tests extrapolated (cf.[2]). These tests were carried out on 
pressurized bottles of hydrogen, nitrogen or helium at pressures ranging from 200 to 700 bar. Tests 
have shown that the gas type has low influence on the rupture time. Assuming, on a conservative 
estimate, that the length of time is proportional to the energy absorbed, i.e. the product of the incident 
flow by the area of the tank and by the length of time, it was possible, from these tests, to estimate the 
length of time before the tank rupture occurred. In the case of an engulfing fire such as a vehicle fire 
(incoming flux 20 to 50 kW/m2), this time period is between 8 minutes (worst-case value 
corresponding to very particular circumstances) and 20 minutes. In the case of a fire some meters 
away (incoming flux 10 kW/m2), this time period would be 40 minutes.  
In the case of hot smoke (incoming flow 2.5 kW/m2), it would be at least 3 hours. 
The explosion phenomenon is therefore likely to occur during the user evacuation period in the case 
of a fire in the vehicle itself but would occur after the evacuation phase in the case of a more distant 
fire. 
 
Conclusion and next steps of the study - CNG  
 
This first stage has enabled us to accurately quantify the dangers and their causes and effects. It has 
been particularly useful for calculating occurrence rates and assessing the consequences of dangerous 
phenomena. It has also highlighted, for the jet fire and the VCE, the need to distinguish between two 
cases: that of a phenomenon having the NEC vehicle as its source (direct risk) and that in which the 
NEC vehicle is impacted by the effects of a fire in another vehicle (indirect risk). While the effects are 
similar (temperature, excess pressure, etc.), the consequences for users may be significantly different.  
 
Direct risk analysis - CNG - Fire with normal functioning of TPRD  
 
This part focusses on a fire occurring on the vehicle and triggering a jet fire. 
 
Occurrence rate  
It was assumed in the present study that the risk of a leakage and ignition of CNG would not 
significantly increase the risk of ignition. It was therefore assumed that the estimated rate of fires in a 
CNG vehicle was the same as for ICE vehicles. 
 
Consequences 
The effects of fire were modeled. As described in [3], this method consists in summing the heat 
release rate contribution of each individual burning elements of the vehicle while introducing a 
parametric delay to account for the fire propagation. Due to the uncertainties of such an approach, 
several experimental comparisons were previously published and highlight the capability of the model 
to compute an evaluation of the HRR peak value together with the fire duration. Those simulations 
were achieved for different locations of the ignition points to determine the design curve.  
The contribution of the jet fire was then introduced as an individual burning element. Regarding the 
lack of detail information about the TPRD, several configurations were studied with different 
diameter and a tank pressure of 200 bar. Based on those assumptions, the heat release rate of the jet 
fire was estimated to 5,8 MW with a one-minute duration for light vehicles and 6 minutes for heavy 
goods and buses as there is several tanks with identical TPRD diameter. These hypotheses can be 
considered as worst-case scenarios for the different configurations stated above. 
Then, HRR curves for CNG-powered vehicles were built. The heavy good case is illustrated in Figure 
1 where several curves corresponding to different fire ignition situations are compared with the 
reference curve for ICEs.  
Analysis of the curve of Figure 2 shows that the thermal effects are not exacerbated. In fact, the peaks 
in the heat release rate linked to the activation of the TPRD are of very short duration and the rest of 
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the curve is below the theoretical ICE curve. In case of light vehicle and heavy good vehicle, the tanks 
are situated in the lower part of the vehicles and the TPRD activation temperature is around 120°C. 
Therefore, if users are still near to the vehicle when the jet fire breaks out, they would already be 
unable to evacuate considering 120°C as the threshold for which human body endure lethal effects. In 
case of buses located on the right lane near the tunnel wall, users evacuating the bus will be impacted 
by the radiance of a horizontal jet fire reflecting on the wall. They will therefore be subjected to lethal 
effects. 

 
 
 
As far as the toxic effects are concerned, the chemical compounds released by a fire of such a CNG-
powered vehicle would be similar to those produced by an internal combustion engine vehicle as most 
of the toxicity come from the combustion of the vehicle components rather than from the fuel in this 
case.  
 
Direct risk analysis - CNG - Jet fire resulting from a collision or a malfunction during filling 
 
The case of a jet fire following a vehicle fire has already been considered in the preceding section 
dealing with fire. 
This part focusses on a situation in which the jet fire is triggered by the activation of the TPRD 
immediately after a collision or possibly after a malfunction during filling with an associated delay. In 
these two cases, an ignition source is required to establish a jet fire.   
 
Occurrence rate  
To evaluate the occurrence rate (𝑅𝑅𝐽𝐽𝐽𝐽) for such a situation, the proportion of the vehicle type in the 
traffic and the penetration rate of CNG must obviously be taken into account. This leads to the 
following formula: 

𝑅𝑅𝐽𝐽𝐽𝐽 = 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖_𝑜𝑜𝑜𝑜𝑜𝑜 . 𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡_𝑜𝑜𝑡𝑡ℎ . 𝜏𝜏𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖. (𝜏𝜏𝑝𝑝𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑖𝑖𝑡𝑡.𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑟𝑟𝑐𝑐ℎ𝑜𝑜𝑐𝑐 + 𝜏𝜏𝑎𝑎_𝑝𝑝𝑡𝑡𝑟𝑟𝑡𝑡)  (1) 

In this equation, following symbols were used. According the state of the art for CNG vehicles, some 
hypotheses were required to give an estimation for some values, values were chosen by considering 
the physical properties of the product as no existing feed-back can be used to estimate it. 
• 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖_𝑜𝑜𝑜𝑜𝑜𝑜 is the probability of ignition on activation of the TPRD. 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖_𝑜𝑜𝑜𝑜𝑜𝑜, is assumed equal to 0.1 

with regard to the properties of CNG, in particular its MIE and TAI value which are high enough to 
require a significant heat source near the TPRD to ignite the gas 

Figure 2 CNG HGV, heat release rates curves for different ignition origins 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

206



• 𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡_𝑜𝑜𝑡𝑡ℎ is the existence rate of the type of vehicle considered in the traffic: 0.95 for light vehicles, 
0.05 for heavy goods vehicles, (few different hypotheses for buses) 

• 𝜏𝜏𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖 is the proportion of CNG vehicles in the car population. A value of 2% of the population 
by 2030 and 10% by 2050 currently appears to be a value curve [4]. 100% was also considered in 
the study in a comparison purpose 

• 𝜏𝜏𝑝𝑝𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑖𝑖𝑡𝑡 is the accident rate, 41 for 108 veh-km in France [5] 
•  𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑟𝑟𝑐𝑐ℎ𝑜𝑜𝑐𝑐  is the probability of the TPRD opening as the result of a collision. It is presumed to be 

0.02, assuming that only 20% of accidents cause personal injury and that only 10% of them are 
violent enough to result in the opening of the TPRD 

• 𝜏𝜏𝑎𝑎_𝑝𝑝𝑡𝑡𝑟𝑟𝑡𝑡 is the estimated TPRD opening rate a certain period of time after a malfunction during 
filling. As there isn’t enough feedback, it was assumed that this would occur in 1 vehicle in a 100 in 
the course of it life, i.e. 1 for 1.5x10 7 veh-km. Assuming that the phenomenon occurrence is 
independent of presence in tunnel, the ratio of the tunnel length to the length of road network should 
be taken into account i.e. 5x10-4 in France. Therefore, 𝜏𝜏𝑎𝑎_𝑝𝑝𝑡𝑡𝑟𝑟𝑡𝑡 is assumed to be 1 for 3x1010 veh-
km. 

 
Consequences 
As mentioned previously, the CNG tank is located on the lower part of light and heavy goods 
vehicles. Consequently, the jet resulting of the TPRD opening will be directed to the ground, resulting 
in a specific shape of the fire. A methodology was developed for calculating thermal impact 
consequences. It consists in converting the descending vertical jet fire into a horizontal jet fire at 
ground level with a flow distribution (see Figure 3). Such a model also enables taking into account a 
TPRD opening not perfectly vertical that could induce a jet fire quite horizontal. This was obtained by 
assuming the mass conservation and creating two symmetric jet fires with an individual mass flow 
rate equals to half of the one computed at the TPRD opening.   
 

 

 

Figure 3 Jet fire: actual situation (left) and modeled situation (right). 
   
Several configurations were studied with different TPRD diameter and a tank pressure of 200 bar. 
This shows that the length of the flame is between 3 and 6 m around the discharge point and that any 
user impacted by the flame will be subjected to lethal effects.   
 
In case of buses located on the right lane near the tunnel wall, users evacuating the bus will be 
impacted by the radiance of a horizontal jet fire reflecting on the wall (see Figure 4). They will 
therefore be subjected to lethal effects (120°C new CETU reference value).  
 

Figure 4 CNG bus - jet fire 

bus car
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Direct risk analysis - CNG - Vapour cloud explosion (collision or malfunction during filling) 
 
This part focusses on a situation in which the VCE is triggered by the activation of the TPRD 
immediately after a collision or possibly after a malfunction during filling with an associated delay. In 
these two cases, an ignition source is required to establish a jet fire. Whatever the triggering 
phenomenon is, no ignition should be present near the opening to let the dispersion, and later, after 
delayed ignition, the explosion to occur.    
 
Occurrence rate  
Following a similar approach to that previously used for the jet fire, the occurrence rate could be 
estimated by  

𝑅𝑅𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 = 𝑃𝑃𝑖𝑖𝑜𝑜𝑖𝑖_inf _𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡𝑝𝑝𝑡𝑡𝑜𝑜𝑝𝑝𝑡𝑡 . 𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑣𝑣𝑣𝑣ℎ .𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖𝑛𝑛𝑠𝑠𝑛𝑛𝑛𝑛𝑣𝑣 . 𝜏𝜏𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖. (2) 
(𝜏𝜏𝑝𝑝𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑖𝑖𝑡𝑡.𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑟𝑟𝑐𝑐ℎ𝑜𝑜𝑐𝑐 + 𝜏𝜏𝑎𝑎_𝑝𝑝𝑡𝑡𝑟𝑟𝑡𝑡) 

Terms 𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑣𝑣𝑣𝑣ℎ , 𝜏𝜏𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖, 𝜏𝜏𝑝𝑝𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑡𝑡𝑖𝑖𝑡𝑡, 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠𝑠𝑠𝑟𝑟𝑐𝑐ℎ𝑜𝑜𝑐𝑐 , and 𝜏𝜏𝑎𝑎_𝑝𝑝𝑡𝑡𝑟𝑟𝑡𝑡 are the same as in the case of the jet 
fire (cf. above). The new terms are explained below: 

• 𝑃𝑃𝑖𝑖𝑜𝑜𝑖𝑖_𝑖𝑖𝑖𝑖𝑖𝑖_𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡𝑝𝑝𝑡𝑡𝑜𝑜𝑝𝑝𝑡𝑡 is the probability of non-ignition on opening of the TPRD. 𝑃𝑃𝑖𝑖𝑜𝑜𝑖𝑖_𝑖𝑖𝑖𝑖𝑖𝑖_𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡𝑝𝑝𝑡𝑡𝑜𝑜𝑝𝑝𝑡𝑡 
is assumed equal to 0.9 with regard to the properties of CNG and, in particular, its MIE and TAI 
value which are high enough to require a significant heat source near the TPRD to ignite the gas 

• 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖_𝑖𝑖𝑜𝑜𝑝𝑝𝑛𝑛𝑡𝑡 is the probability of ignition of the CNG cloud formed after the opening of 
the TPRD without ignition. 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖_𝑖𝑖𝑜𝑜𝑝𝑝𝑛𝑛𝑡𝑡 is assumed to be equal to 0.5 due to the 
characteristics of the CNG cloud, especially its small dimensions, the probability of CNG delayed 
ignition in link with its reactivity [6] and the ignition sources that are in the tunnel. 

 
Consequences 
As for the jet fire, several configurations were studied with different TPRD diameter and pressure of 
200 bar. The worst-case configuration for the VCE is a 4 mm leak at a pressure of 200 bar for a GNC 
mass of 9 kg in the tank.  
A situation, that corresponds to free field dispersion, was modeled using the integral software Phast 
v6.54. To reproduce a tunnel-like situation, the wind speed was set to 1 m/s with a flat profile. The 
maximum flammable mass is therefore about 50 g of gas mixed with air at a concentration between the 
LFL and the UFL. The distance to the calculated LFL in the open is in the order of 6 m. Phase is mainly 
dedicated to open field simulation, so the flammable mass estimation for impinging jet was computed 
using experimental data obtained in the MERGE and IMMERGE project. If an ignition source with 
ignition energy greater than the minimum ignition energy (300 mj ) is present in the cloud zone where 
the concentration is greater than the LFL (5%) and less than the UFL (15%), the cloud will explode.  

The overpressure distances from the explosion were calculated using the multi-energy model. This 
model used, as an input, the CNG flammable mass, computed above, and a violence index. Considering 
CNG characteristics and that, in tunnel, flow might be strongly turbulent, the violence index was set to 
6. It was assumed that a spherical propagation reproduces as possible the loss of energy related to the 
phenomena of diffraction, reflection off the walls and interaction with any obstacles. The lethal effects 
distance, i.e. a 140 mbar overpressure, would therefore be 12 m on either side of the explosion, i.e. a 
total length of 24 m in the tunnel. The calculated conditions and distances of effect are valid for all 
vehicle types. Indeed, although the number of tanks and/or the mass of gas available may differ between 
vehicles, the key parameter is the leakage rate controlled by the diameter of the TPRD. For a larger gas 
mass, the only difference would be in the persistence time of the cloud in the environment, the 
flammable mass would not be modified.  
The case of a failure or simultaneous opening of several TPRDs (Heavy good vehicle or buses) was not 
taken into account as the leakage rate considered in the modeling is kept constant which make the VCE 
worse than in reality. Thus, an opening of another tank displaced by a few seconds would more or less 
lead to the modeled configuration.  
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Direct risk analysis - CNG - Tank rupture 
 
Tank rupture results from a fire where there has been a malfunction of the TPRD causing pressure in 
the tank to build up beyond its mechanical resistance that induce an instantaneous release of the whole 
quantity of CNG. 
 
Occurrence rate  
The formula corresponding to the occurrence rate of such a phenomenon is therefore:  

𝑅𝑅𝑈𝑈𝑎𝑎𝑖𝑖𝑝𝑝𝑡𝑡𝑡𝑡𝑟𝑟𝑡𝑡𝑖𝑖𝑡𝑡 = 𝜏𝜏𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖 ∗ 𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡_𝑜𝑜𝑡𝑡ℎ ∗ 𝜏𝜏𝑖𝑖𝑖𝑖𝑎𝑎𝑡𝑡𝑖𝑖𝑎𝑎𝑖𝑖𝑡𝑡_𝑜𝑜𝑡𝑡ℎ ∗ 𝑃𝑃𝑎𝑎é𝑖𝑖𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖𝑎𝑎𝑡𝑡_𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 (3) 

Terms 𝜏𝜏𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑣𝑣𝑣𝑣ℎ  and  𝜏𝜏𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡𝑡𝑡𝑝𝑝𝑝𝑝𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖 are the same as in the case of the jet fire (cf. above). The new terms 
are explained hereafter: 
•  𝜏𝜏𝑖𝑖𝑖𝑖𝑎𝑎𝑡𝑡𝑖𝑖𝑎𝑎𝑖𝑖𝑡𝑡_𝑜𝑜𝑡𝑡ℎ is the occurrence rate of fire in the type of vehicle considered: 2 for 108 veh-km for 

light vehicles and 3 in 108 veh-km for heavy goods vehicles [7] , 
• 𝑃𝑃𝑎𝑎é𝑖𝑖𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖𝑎𝑎𝑡𝑡_𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 is the probability of a malfunction of the TPRD. In the absence of feedback on 

TPRD reliability, it is assumed that this probability is the same as that of a sprinkler head in the 
order of 0.001, as the opening mechanism is very similar.  

 
Consequences 
The consequences of tank rupture were evaluated assuming a 70-litre tank with a 200 bar internal 
pressure. Two types of consequences were considered: pressure effects related to the blast and 
pressure effects related to the explosion of the flammable cloud.  

Consequences, in terms of overpressure, were obtained using the INERIS code DIFREX in a 10 m 
width and 6 m height. This code, based on the Euler equations, uses wall reflexion coefficients to 
compute wave propagation in a complex geometry. Figure 5 represents, on the left, wave propagation 
in the plane 2 m above the ground.  From this figure, the decrease in excessive pressure at 2 m above 
the ground was calculated and is plotted on the right figure. The lethal pressure effects resulting from 
the blast occur up to about 10 meters either side of the tank, i.e. 20 meters of tunnel.  
 

 
Figure 5 CNG- tank rupture - pressure effect 
 
With regard to the effects of excessive pressure corresponding to the cloud explosion, the flammable 
mass would be close to the total mass present in the tank, i.e. about 3 kg. The associated lethal effects 
would therefore occur up to 25 meters either side of the tank, i.e. 50 meters of tunnel. In view of the 
properties of CNG and the numerous ignition sources in a tunnel, a cloud explosion is almost certain. 
Lethal effects of pressure and excessive pressure are obviously not cumulative.  
It is assumed that the mass of gas per tank is the same regardless of the type of vehicle. In addition, 
only the explosion of one tank is considered. It is highly unlikely that a malfunction would affect both 
tanks. Furthermore, if the blast from a tank or the explosion of the resulting cloud impacts a tank, the 
effects will not be concurrent.  

0 10 20 30 40-10-20-30-40
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Hydrogen and LNG: characteristics, hazards and direct risks 
 
Compare to CNG case, specificities of hydrogen and LNG are pointed out in this chapter. 
The dangerous phenomena are the same as for CNG.  
The event trees are the same as for CNG with regard to causes and effects, the parameters are 
different however and will be given in each sub-chapter 
The hypotheses, methods, approaches and formulas used to establish the occurrence rates and 
consequences of dangerous phenomena are the same as for CNG and will not be repeated. The results 
are different. The formula parameters and consequences may differ due to the nature of the gas and 
will be explained in each sub-chapter.  

 
Hydrogen 
Like CNG, hydrogen is stored in pressurized tanks fitted with a TPRD with temperature activation at 
120°C. Storage pressure is from 350 to 700 bar. The different possible TPRD diameters were taken 
into account. The MIE is 17mJ, the AIT is 500°C, the LFL and the UFL are 4% and 75% respectively.  

For the occurrence rates in particular, although the formulas used are the same, due to the properties 
of hydrogen the value of some parameters are different, as specified below: 
• Jet fire: the probability of ignition during opening of the TPRD (𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖_𝑜𝑜𝑜𝑜𝑜𝑜) is taken to be 0.9 
• VCE : the probability of non-ignition on opening of the TPRD (𝑃𝑃𝑖𝑖𝑜𝑜𝑖𝑖_𝑖𝑖𝑖𝑖𝑖𝑖_𝑜𝑜𝑜𝑜𝑜𝑜𝑡𝑡𝑝𝑝𝑡𝑡𝑜𝑜𝑝𝑝𝑡𝑡 ) is taken to be 

0.1 and the probability of ignition (𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖_𝑖𝑖𝑜𝑜𝑝𝑝𝑛𝑛𝑡𝑡) of the cloud is 1 due to the presence of 
numerous ignition sources in the tunnel (electrical equipment, lighting, ventilation equipment, etc.), 
the low energy needed for ignition and the calculated cloud sizes (15m long, 4m in diameter).   

For the consequences in particular, in case of buses located on the right lane near the tunnel wall, , if 
the tank pressure is 350 bars, users evacuating the bus will not be impacted by the effects of a 
horizontal jet fire even when it reflects on the wall. If the tank pressure is 700 bars, users evacuating 
the bus will be subjected to lethal effects. 
 
LNG  
Unlike CNG and hydrogen, LNG is stored in semi-refrigerated liquid form at pressure in the order of 
10 bar and temperature of about -130°C. An insulating layer is necessary to maintain the temperature 
of the tank. LNG is currently mostly used for heavy goods vehicles destined for long-distance 
transportation. A 560-liter tank has capacity to store about 182 kg of natural gas, 450 liter tanks are also 
used. In the case of light vehicles, tanks are expected to hold about 60 liters. Tanks are fitted with two 
valves tarred at 16 bar (Tliq=-130°C) and 24 bar (Tliq =-100°C) respectively to prevent a build-up of 
pressure and thereby reduce the risk of explosion. For the record, under atmospheric pressure, the 
liquefaction temperature of natural gas is -162°C. The vapor pressure of natural gas at -50°C is over 
100 bar. 

For the occurrence rates in particular, although the formulas used are the same, the value of certain 
parameters are different as specified below: 
• Jet fire: the probability of ignition on opening of the TPRD (𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖_𝑜𝑜𝑜𝑜𝑜𝑜) is taken to be 0.05 in respect 

of the properties of LNG, in particular the temperature at the discharge point, in the order of -120°C 
in the tank, -161°C in the jet. 

• VCE: in view of the properties of LNG and the discharge characteristics, the probability of non-
ignition on opening of the TPRD (𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖_𝑜𝑜𝑜𝑜𝑜𝑜) is taken to be 0.95 and the probability of ignition of the 
cloud (𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑟𝑟𝑟𝑟𝑝𝑝𝑡𝑡𝑖𝑖𝑜𝑜𝑖𝑖_𝑖𝑖𝑜𝑜𝑝𝑝𝑛𝑛𝑡𝑡) is 0.2. In particular, for such a two-phased leakage, the temperature of 
the flammable mixture would be less than 0°C. The energy to be provided in such conditions is 
therefore greater than that necessary for mixtures at ambient temperature. 

• Tank rupture: the probability of valve malfunction is assumed to be 0.01 ((5). There are two valves, 
so the probability of malfunction of both valves (𝑃𝑃𝑎𝑎é𝑖𝑖𝑝𝑝𝑖𝑖𝑖𝑖𝑖𝑖𝑝𝑝𝑖𝑖𝑎𝑎𝑡𝑡_𝑠𝑠𝑜𝑜𝑜𝑜𝑡𝑡𝑝𝑝𝑡𝑡𝑡𝑡𝑠𝑠) is 10-4. 

The results are different owing to the nature of storage (liquid rather than gaseous) and different 
safety systems (valves rather than TPRD). 
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Electricity: characteristics, hazards and direct risks 
 
Electric vehicles use batteries as an energy source. Li-Ion batteries are mainly used and have been the 
subject of numerous studies and tests. This was the only type of batteries considered in the study.  

LMP (lithium metal polymer) technology has been identified as presenting a special risk. Lithium in 
metal form has the specific properties of spontaneous combustion in contact with air and violent 
reaction on contact with water. This type of technology promotes the formation of dendrites that could 
cause an internal short circuit. A polymer electrolyte is installed to reduce this formation and reduce 
the risk of leakage or vapor release. But no independent test or study has enabled the effectiveness of 
this measure to be verified. 

For electric vehicles, as for ICE vehicles, the main risk is fires. The presence of a battery in vehicles 
introduces a new potential ignition point for a fire. In particular, the presence of a battery in a warm 
atmosphere could lead to its thermal runaway leading to its ignition, and then the ignition of the vehicle. 
The temperature value liable to trigger a thermal runaway is assumed to be 150°C in view of the 
influence of the load status and several elements stated in literature [8], [9], [10]. The time before 
runaway on reaching the temperature of 150°C is assumed to be 10 minutes on the basis of various tests 
[11] and [12]. Feedback shows that immediate or delayed fire ignition is possible after a collision, but 
this is rare. Unlike other NEC, no phenomena other than fire need to be considered for batteries. In the 
absence of a vehicle population of sufficient size and a feedback period of sufficient length, it has been 
assumed that the estimated occurrence rate of fire in an electric vehicle is the same as for ICE vehicles.  

To compare the thermal effects of an electric vehicle and an ICE vehicle, the method used shows that 
there is no significant difference between the two types of vehicle. Furthermore, various tests carried 
out on electric vehicles and internal combustion vehicles show that there are no significant differences 
in terms of toxic emissions between the two types of vehicle, even though a fire in the battery is liable 
to give off hydrofluoric acid. These toxic emissions should be put into perspective in view of the other 
sources of toxic emissions from a vehicle (regardless of its type): plastics, seats, air-conditioning 
components, etc.   
 
Indirect risk – general approach 
 
In case of fire in an underground environment, smoke is confined and moves through the structure 
before removal via portals or a dedicated system. If an NEC vehicle lies in the path of this smoke, the 
heat could give rise to one of the phenomena identified above: jet fire, VCE with gas and thermal 
runaway of a battery. The tank rupture phenomenon can be ruled out as it would occur after death or 
evacuation of users (3-hour delay, cf. above).  

Consistently with the objective of the whole study (additional risk evaluation), for each NEC 
phenomenon following a distant fire, only users subjected to the lethal effects who would otherwise 
have survived were accounted for. Following this goal, the French specific hazard investigations 
approach was used (cf. [7]) and supplemented by the calculation of the occurrence rates. In a first 
step, relevant fire scenarios were chosen. Then, through their analysis, maximum numbers of deaths 
of NEC phenomena triggered by the fire were evaluated and the occurrence rates of these numbers.  
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Indirect risk – scenarios selection 
 
The selection has focused on situation in which the risk is not almost nil. For example, in a one way 
uncongested tunnel with longitudinal ventilation and initial air flow in the same direction of the 
traffic, fire smoke is unlikely to reach another vehicle in a queue behind. Therefore, eight 
representative scenarios of plausible situations were studied, varying the traffic system (one-way, 
two-way, congested, etc.), the type of tunnel, the type of ventilation, the heat release rate of the fire 
and the speed of the initial air flow. Only the most common situations were studied. For instance, the 
bidirectional tunnels with longitudinal ventilation are rare in France and weren’t taken into account.  
 
Tunnels and ventilation systems 
The length of the tunnel was assumed as 1000m. Three sections were chosen. The two first are 
rectangular with a ceiling at about 6 m height, one corresponding to longitudinal ventilation in a 
unidirectional tunnel the other to transverse ventilation in a bidirectional tunnel. The last has the shape 
of a horseshoe with a maximum ceiling height of 8m and was considered in a unidirectional tunnel 
through two cases: with longitudinal ventilation and with natural ventilation. 
 
Initial air flow and Ventilation activation 
Two initial air flow velocities were considered in the modelling: 1 m/s and 3 m/s in the opposite the 
traffic direction in case of longitudinal ventilation. The ventilation permanent phase was assumed to 
be effective after 3min (1 min detection, 2 min transition phase).  
The velocity of the air flow established by longitudinal ventilation was assumed to be 3m/s without 
congestion between 1 and 1.5m/s with congestion. For scenarios with transversal ventilation the 
extraction flow rate was assumed given by the regulatory formula applicable in France: 80+1.5xS 
m3/s, or 162.5 m3/s.  
 
Fire size and position 
In all scenarios, the fire corresponds to a heavy goods vehicle located around the middle of the tunnel. 
Three fire sizes were therefore taken into account 30 MW, 100 MW and 200 MW in the case of 
dangerous goods.   
 
Indirect risk – Occurrence rate of the NEC phenomena 
 
The same approach was used to evaluate the occurrence rate of NEC phenomena in the 8 scenarios. 
Firstly, the occurrence rate of the initial fire was evaluated taking into account the scenario 
considered. Then, the occurrence rate of the triggering of each NEC phenomenon by the smoke of the 
initial fire was calculated for each energy and vehicle type. Finally, by multiplying the two results, the 
occurrence rates of the fire scenario with NEC phenomenon triggering were evaluated. But, a 
phenomenon could occur without any passenger in the vicinity subjected to lethal effect or with 
passengers in the vicinity who would have died because of the initial fire. Therefore, a third step of 
calculation was conducted in order to get the occurrence rate of the maximum death due to each NEC 
phenomenon. Relevant aspects of the calculation are given hereafter. 
 
Occurrence rate of the initial fire  
The initial fire was calculated taken into account the specificities of each scenario. Especially, it was 
assumed:  
• occurrence rate of heavy good vehicle fire is respectively 0.15/108, 0.075/108, 0.03/108 all-types-

veh.km in case of 30 MW, 100 MW and 200MW 
• probability of meteorological situation above percentile 95 (air flow ≥3m/s) is 0.05 
• Congested situation has a probability of 0.1 assuming that this situation occurs about 10% of the 

day. 
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Rate of a NEC phenomenon triggered by a fire: example of jet fire on buses 
The first step was to evaluate the probability that a bus powered by gas, was in a part of the vehicle 
queue where the temperature is 120° at the TPRD height (the top of the bus) and activates it. It was 
assumed one vehicle per 10 meters according to (3. n is the number of vehicles in the part of the 
queue where temperature is 120°. The value of n depends of the propagation of the smoke which is 
particular to each scenario. Therefore the probability of a jet fire on a bus powered by gas is:  

PJF_tiers= (1 – (1-t*tbus)n)*Pinf_ouv  (4) 

Where t is the proportion of hydrogen vehicles in the car population, tbus is the bus rate and 𝑃𝑃𝑖𝑖𝑖𝑖𝑖𝑖_𝑜𝑜𝑜𝑜𝑜𝑜 is 
the probability of ignition on activation of the TPRD.  
 
Indirect risk – Consequences of the NEC phenomena  
 
The consequences of NEC phenomena were evaluated based on the scenarios selected. These 
scenarios were analysed by means of space-time graphs (see Figure 6).  
 
Space time graphs presentation 
The space time graphs represent change in the fire-related parameters over time and in space 
(temperature, toxicity, and visibility), the movement of users and conditions for triggering 
phenomena. 
The fire related parameters are represented at human height. In the case of temperature the value are 
represented from 0 to 120 °C. 120°C was assumed to be the threshold for which human body endure 
lethal effects. It is also the temperature activation of the TPRD which is relevant at human height for 
VL and PL for which TPRD are located on the lower part of the vehicle. Different lines represent the 
users’ movement (see Figure 5) calculated according to the recommendations of (3. The red continue 
line, shows the temperature zone above 120°C (activation temperature of TPRD) at 4.5 m above 
ground level. Therefore, this zone corresponds to the risk of TPRD activation on a bus for which it is 
on the roof. In the case of batteries, the yellow continue line represents the danger of thermal runaway 
which is triggered when the battery endure 150°C during 10 minutes. 
 
Scenario analysis through the example of a 100 MW fire in a congested tunnel 
Considering a rectangular section in a unidirectional congested tunnel with initial air flow velocity of 
1 m/s in the opposite direction of the traffic, the space-time graph of Figure 6 is obtained with the 
hypotheses explained before. The analysis of this figure is detailed below in case of CNG vehicle in 
the queue. The analysis of hydrogen case is based on the same principles even if the results differ 
because of gas characteristics. The LNG only concerned light vehicles and heavy good vehicles. The 
analyses take into account the NEC phenomena effects distances presented before and all of the 
possible locations of the NEC buses in the vehicles queue. It has been considered unlikely to have two 
buses in the tunnel during the event which is consistent with the hypotheses of specific hazard 
investigations conducted in France.  
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Figure 6 - space-time graphs of a 30 MW fire in a unidirectional congested tunnel 
 
 
CNG bus case: 
• Passengers of Light or heavy vehicles  
o Jet fire: the passengers evacuating in the right direction would not be affected by a jet fire as they 

will have evacuated before the possible opening of the TPRD that is located on the top of the bus. 
Passengers initially more than 250m downstream of the fire and  evacuating in the wrong direction 
because of low visibility may be subjected to the lethal effect of the jet fire 

o Vapor cloud explosion: If the bus were located close to the fire, a VCE could occur and it lethal 
effect would affect all passengers present in an area of about 10m around the fire. If the bus were 
located up to 300 m downstream of the fire, VCE could also occur and it lethal effect would affect 
passengers evacuating in the wrong direction.    

• Passengers of the NEC bus   
o Jet fire: if the NEC bus were located between 50 m upstream and 100 m downstream of the fire, a 

jet fire could occur and passengers evacuating from the bus in this area and in the right direction 
would be subjected to lethal effects. If the NEC bus were located between 100 m upstream and 350 
downstream, only passengers evacuating in the wrong direction would be subjected to lethal effect.  

o VCE: if the NEC bus were located between 0 and 20 m upstream or downstream of the fire, a VCE 
could occur and all passengers would be subjected to lethal effects. If the NEC bus were located 
between 20 and 180m, only a part of the bus passengers would be subjected to lethal effect. If the 
bus were located more than 180m upstream or downstream of the fire, all passengers would have 
evacuated before being subjected to lethal effects (the evacuation is triggered by the initial fire). If 
the NEC bus were located between 120 m upstream and 320 downstream, only passengers 
evacuating in the wrong direction would be subjected to lethal effect.  

Light or Heavy good hydrogen vehicle case: 
The same methodology of analyses was applied than for CNG bus. To summarize, no passengers are 
subjected to lethal effects whatever the type of the vehicle they evacuate from. The reason is that 
TPRD are on the lower part of light or heavy good vehicles whereas they are on the top of buses. 
Therefore, for light or heavy good vehicles, when the temperature reaches 120°C (assumed to be the 
activation temperature of the TPRD), users have already evacuated or subject to lethal effects of the 
initial fire.    

Electric vehicles 
As shown in Figure 5 (yellow curve), users would have evacuated the tunnel or be dead because of the 
initial fire before being harmed by a thermal runaway of the battery. 
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ADDITIONAL RISK ASSESSMENT – RESULTS 

Based on the calculation, modeling and analyses done by studying direct and indirect risk, the 
additional risk of users’ safety was evaluated. Several hypotheses were assumed, for instance, it has 
been considered one vehicle every 10 m, 1.5 users per light and heavy vehicle and 50 users per bus. 
Different values for the various parameters were taken into account leading to a range of result values 
instead of one value. Especially, three penetration rates were used in the calculations for each NEC: 
2%, 10% (20% for buses according to regulatory future obligations of transport operating bodies in 
France) and 100%. The value 100% was considered necessary in order to not based possible long-
term choices on current proportion of NEC vehicle whereas this proportion could be increased in the 
future. Two buses rate were considered: 0.02% and 1.8%. The Heavy good proportion was assumed 
5%. Results have been rounded which is coherent with their unavoidable uncertainties.  

In the tables presented hereafter, the frequency is presented throughout the comparison with the one 
of an ICE fire of a vehicle whatever is type. The goal is to give a good idea of the NEC phenomena 
frequencies by referring to a well-known phenomenon. The Severity is the number of users subjected 
to lethal effect.  

In the chapters below, the part dedicated to indirect risk will only present results of phenomena for 
which the additional number of deaths is no nil.   

CNG results 
 
Table 1 CNG phenomena - light vehicles and heavy good vehicles - occurrence rate and severity 

Direct risk 
phenomena 

Véhicule 
type 

Frequency by comparison with ICE fire  Severity 

CNG penetration rate  Congested tunnel 

2%  100% YES NO 

Jet fire 
without fire 

LV ~640 times lower ~10  times lower 
1.5 

HGV ~12150 times lower ~240 times lower 

Bus ~3×106 times lower α  ~680 times lower β 0 to 50 γ 

VCE 

LV ~140 times lower ~3 times lower 
9 5 

HGV ~2670 times lower ~50 times lower 

Bus ~7×105 times lower ~150 times lower 9 to 59 δ  5 to 55 δ 

Tank 
rupture 

LV ~26320 times lower ~530 times lower 
17 9 

HGV ~3×105  times lower  ~6670 times lower 

Bus ~8×107 times lower ~18520 times lower 17 to 67 δ 9 to 59 δ 
α with a bus rate of 0.02% 
β with a bus rate of 1.8% 
γ For a tank pressure of 700 bars, almost nil if the pressure is 350 bars 
δ For a tank depending on numbers of users in the bus  

Concerning indirect risk, among the different types of vehicles powered by CNG, only certain 
phenomena triggered by a distant fire on buses may have an additional impact on users: 

• Bus - Jet fire: the maximum severity is 50 (for a tank pressure of 700 bars), and the frequency 
of this maximum severity is around 200 times lower than the frequency of a fire 

• Bus – Vapor cloud explosion: the maximum severity is 65 and the frequency of this 
maximum severity is around 5560 times lower than the frequency of a fire   
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 Hydrogen results 
 
Table 2 hydrogen phenomena - light vehicles and heavy good vehicles - occurrence rate and severity 

Direct risk 
phenomena 

Véhicule 
type 

Frequency by comparison with ICE fire  Severity 

H2 penetration rate  Congested tunnel 

2%  100% YES NO 

Jet fire 
without fire 

LV ~70 times lower ~1,5 times lower 
1.5 

HGV ~1350 times lower ~30 times lower 

Bus ~3×105 times lower α  ~80 times lower β 0 to 50 γ 

VCE 

LV ~640 times lower ~10 times lower 
32 16 

HGV ~12150 times lower ~240 times lower 

Bus ~3×106 times lower ~680 times lower 32 to 82 δ 16 to 68 δ 

Tank 
rupture 

LV ~26320 times lower ~530 times lower 
32 16 

HGV ~3×105  times lower ~6670 times lower 

Bus ~8×107 times lower ~18520 times lower 32 to 82 δ  16 to 68 δ 
α with a bus rate of 0.02% 
β with a bus rate of 1.8% 
γ For a tank pressure of 700 bars, almost nil if the pressure is 350 bars 
δ For a tank depending on numbers of users in the bus  

Concerning indirect risk, among the different types of vehicles powered by hydrogen, only certain 
phenomena triggered by a distant fire on buses may have an additional impact on users: 

• Bus - Jet fire: the maximum severity is 50 (for a tank pressure of 700 bars), and the frequency 
of this maximum severity is around 250 times lower than the frequency of a fire 

• Bus – Vapor cloud explosion: the maximum severity is 65 and the frequency of this 
maximum severity is around 104 times lower than the frequency of a fire   

LNG results 
 
Table 3 LNG phenomena - light vehicles and heavy good vehicles - occurrence rate and severity 

Direct risk 
phenomena 

Véhicule 
type 

Frequency by comparison with ICE fire  Severity 

H2 penetration rate  Congested tunnel 

2%  100% YES NO 

Jet fire 
without fire 

LV ~1280 times lower ~30 times lower 
1.5 

HGV ~24270 times lower ~490 times lower 

VCE 
LV ~340 times lower ~7 times lower 

1.5 
HGV ~6410 times lower ~130 times lower 

Tank 
rupture 

LV ~263160 times lower ~5260 times lower 26 13 

HGV ~3×106  times lower  ~66670 times lower 225 48 
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Electricity results 
 
Electric vehicles powered by Li-ion batteries are not sources of specific phenomena and there is no 
additional risk for users’ safety in case of fire whatever the vehicle type. As explained before, the 
contribution of the battery to the heat release rate or the toxic release rate of a fire is not significant 
regarding contribution of the other parts of the vehicle.   
 
Complementary information on the results 
 
For all energies studied, there is no additional risk for users ‘safety in case of NEC Light vehicle fire 
or NEC heavy vehicle fire. In case of CNG or hydrogen bus fire, the TPRD activation and the 
resulting jet fire may have an impact on users during the evacuation except for a hydrogen tank with a 
pressure of 350 bars.    

In the case of direct risk, tank rupture results should be put into perspective in view of the self-
evacuation of users and the theoretical period of time before the blast: 8 to 20 minutes for Hydrogen 
and CNG, 15 to 20 minutes for LNG. In the case of indirect risk, the triggered time of this 
phenomenon is about 3 hours so it is unlikely to affect users. They would have evacuated or would 
have died before.  

For Vapour cloud explosion and tank rupture, if a bus is present in the lethal effect area, the 
passengers number (around 50)  has to be added to the severity. If the NEC vehicle is a bus, the 
severity already include the passengers of the NEC bus and it is unlikely that another bus is present in 
the lethal effect area.   
 
CONCLUSION 

Incident feedback for ICE vehicle highlights that jet fires, VCE, and tank rupture do not occur for 
such vehicles. Electricity storage studied was lithium ion batteries. The risk of a fire in a NEC vehicle 
differs not significantly from a fire in an ICE vehicle when the NEC vehicle safety systems operate 
properly, the risk may increase only for hydrogen buses equipped with 700 bar tanks and for CNG 
buses if a horizontal jet fire is triggered.  

Concerning jet fire not triggered by a fire, only hydrogen buses with 700 bars tanks or CNG buses 
generate a significant additional risk if the orientation of TPRD is horizontal. In case of Hydrogen or 
CNG, the severity of a VCE could be significant whereas the occurrence rate is at least one order of 
magnitude lower than the ICE fire rate in France (1fire/108-all-types-veh.km). This VCE occurrence 
rate depends of the vehicle type involved and the penetration rate of the technology. In case of LNG 
(only available for light vehicle or heavy good vehicle), only tank rupture severity is likely to be 
significant, the occurrence rate is at least four orders of magnitude lower than the ICE fire rate in 
France.  

The severity of a horizontal jet fire or a VCE triggered on a bus by a distant fire could be significant 
whereas the occurrence rate is at least three orders of magnitude lower than the ICE fire rate in 
France.    

These new energy carriers are quite new, the feedback period and/or available studies or tests don’t 
always provide values needed for risk assessment. For instance, in order to calculate occurrence rate, 
it was necessary to make realistic assumptions based on the state of the art. The modeling of the 
phenomena is an approximation of the various possible situations. These two aspects and others bring 
unavoidable uncertainties. A lot of caution was taken in the result presentation to integrate these 
uncertainties: results were given without decimal, ranges of values were used instead of precise ones 
etc. But, nevertheless, the results should be interpreted cautiously.    
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Many challenges are still to be addressed in the future. The first idea is to discuss with manufacturers 
in order to reduce the risk. For instance, orienting the TPRD in vertical direction instead of horizontal 
one seems interesting and at first glance feasible for the French organization of gas natural which with 
CETU is in touch. This will avoid that a bus jet fire impact user by reflecting on the wall.  
But it is unlikely that everything was solved with a technical approach, for example VCE. Discussions 
have to be carrying out with the stakeholder about the acceptability of the risk and the way to assess 
it. Will it be a local evaluation based on risk analysis using the input of the INERIS/CETU study or 
national rules? The study has focused on users’ safety on purpose. But the mitigation of NEC 
phenomena by emergency services raises other questions and difficulties that may, at least, differ 
from those of user’s safety. 
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ABSTRACT 
Just like in all bigger cities of Europe and the world, metropolises like Paris, Hamburg, Lyon or 
Berlin are considering the public transport to be the backbone of citizens’ mobility. That said, 
operators are currently lacking the possibility to crosscheck their systems, to identify critical parts 
(from an operational and traffic related as well as structural standpoint) and to select the appropriate 
measures to be applied at the stations with the most imminent need.  
 
Based on currently applied qualitative risk assessment approaches – such as consultant ARCADIS is 
using them already for clients around the world – the partners are developing a semi-quantitative and 
a fully quantitative methodology that enables the user to comprehensively assess each station and 
compare the results within a given system. We foresee that a fully quantitative assessment (being the 
theoretically best solution to the given problem) might overwhelm some operators and therefore an 
approach with a reduced complexity is also developed.  
 
The comparison of the stations includes user effects, such as time of egress or possible fatalities 
during a threat, together with the structural impact of the given threat and its implications on the 
effectivitiy of the total system if the hub is lost for a given duration. Thus, the methodology combines 
structural assessments with traffic simulations and user related issues. A mathematical algorithm is 
used, to combine the results within a software boundary and to display the comparison for decision 
making purposes. Theoretically, the methodology can also be used to assess the “0”-case (without 
additional measures) with the “1”-case (with selected measures) since the effect of each measure can 
be traced via the corresponding assessments.  
 
KEYWORD: Metro systems, terroristic threats, upgrading, selection of measures   
 
 
GENERAL SITUATION AND BACKGROUND  
 
Worldwide, local public transport in large cities and metropolises can be regarded as the backbone of 
citizens' mobility. The underground transport networks of the underground railways are well 
developed, especially in Europe, and sometimes have complex hubs with intermodal connection 
points that are used daily by a large number of people. The availability of this important transport 
mode in general and of these hubs in particular can be severely disrupted or even completely lost as a 
result of a multitude of conceivable threats and events. These include technical accidents and natural 
events such as floods on the one hand and so-called intentional criminal or terrorist acts on the other. 
As a rule, all of the above lead ad hoc to considerable disruptions, which inevitably have an impact 
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not only on the mode of transport itself but also on the entire transport network. This was 
demonstrated not least by the devastating bomb attacks on the Brussels underground station 
"Maelbeek" in March 2016, three trains of the London underground in July 2005 (so-called 7/7 
bombings) or the fire in the Berlin underground station "Deutsche Oper" a few years ago. 
 
Civil security research in Europe has been dealing with these topics for several years within the 
framework of national and international projects, although projects such as inTegRisk [1], METRO 
[2], SKRIBT [3] or ORGAMIR [4] have primarily investigated the extent of specific scenarios in 
underground infrastructure in detail and SKRIBT, in particular, has focused more on road tunnels than 
on subway systems. For example, measures were developed to enable structural adaptations to 
increased safety requirements [5] or to provide new insights into the spread of harmful gases in metro 
systems [6]. However, a quick recovery of availability of the system after an event as well as the 
possibility of evaluating measures against the background of specific network-related boundary 
conditions has not been the focus so far.  
 
At the same time, the example of German and French cities shows how inhomogeneous the building 
stock is with regard to its age, the construction principles used and its general condition: the latest 
stops and tunnels constructed using closed construction methods are contrasted with those constructed 
using open construction methods at the turn of the century. Some of these considerable differences in 
design principle and condition can also be found within one and the same network, as the examples of 
Berlin, Hamburg and Paris show. This provides for a multitude of possible action premises on the part 
of the operator, both with regard to possible damage scenarios and with regard to the reaction to them. 
 
If measures are to be taken to improve hazard prevention and enable a more rapid restoration of 
availability following an event, the situation described poses considerable problems for the operators: 
In addition to a selection of suitable and sensible measures, it must be clarified which of the stations 
most urgently requires a corresponding structural upgrading, since even a temporary failure of the 
station may have a variety of feedback effects on the surrounding network. So far, there are few 
approaches and the existing ones are rather based on qualitative assessments and are rarely designed 
holistically. Also, only partial nodes of a network are often considered and the connection in the 
overall network is neglected. 
 
Within the framework of the bilateral research project U-THREAT, which is being carried out by a 
Franco-German consortium with funding from the Federal Ministry of Education and Research 
(BMBF) and the Agence Nationale de la Recherche (ANR), the authors are currently developing a 
method for vulnerability analysis for underground railway systems that will be presented and 
explained in this publication. On the German side, the consortium consists of the partners STUVA, 
RUB and PTV, with INIT (Innovative Informatikanwendungen in Transport-, Verkehrs- und 
Leitsystemen GmbH), Karlsruhe, as an additional partner. On the French side, the consortium is 
complemented by CETU (Centre d'Etudes des Tunnels, Bron), ARCADIS France, IFSTTAR, and 
KEOLIS-Lyon. Additionally, the Hamburger Hochbahnwache, the Verband Deutscher 
Verkehrsunternehmen (VDV) as well as Sytral-Lyon and STRMTG are involved as associated 
partners. 
 
It should be noted that due to the sensitivity of the data used for this purpose, neither the name nor the 
numerical values of a specific structure may be given. The explanations are therefore formulated in 
general terms. In addition, specific analyses are not explained in detail in order not to go beyond the 
scope of this article. 
 
 
METHODOLOGICAL APPROACHES TO BUILDING EVALUATION 
 
Basics of vulnerability assessment and the accompanying target system 
The concept of vulnerability is defined by a multitude of definitions, depending on the boundary 
conditions of use and the corresponding target system. In the context of the U-THREAT project, the 
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partners agreed early on that vulnerability of stations of a subway system should be understood as the 
level of feedback a possible incident in a station creates onto the system as a whole. This needs to be 
further explained: 
 
If an event occurs within a station, for example an attack or a fire, this has various effects on the 
station, its users, the operators and the surrounding network. For example, a fire may cause damage to 
the station itself, affect its users, and cause damage that initially triggers an immediate response from 
operators and rescue services and might also require subsequent actions and repair. Damage caused in 
this way results in financial expenses for the operator on the one hand and a partial loss of availability 
or a reduced capacity of the station for the duration of the necessary construction and operational 
measures on the other hand, which can result in longer travel times for passengers. This might also 
have an effect on the system as a whole, since the station might need to be bypassed or trains will 
have to go through the station with a reduced speed etc. Taking all this into account, the total impact a 
specific scenario has to a station abd the surrounding system is going to be considered as the stations 
vulnerability. In other words: vulnerability has to be considered as a multi-criterial assessment of 
stations and therefore needs a combined and complex assessment of varying disciplines and expertise.  
 
In contrast to this, measures of structural upgrading preventively lead to an increased resilience of the 
building and thus – on the one hand – to a reduction of the capacity loss and/or the associated failure 
effects and – on the other hand – to a shortening of the downtimes. This theoretical concept is 
graphically and qualitatively illustrated in Figure 1. 
 
 

 
 
Figure 1 Capacity development due to an incident with and without additional measures . 
 
 
The vulnerability of the station is therefore expressed via the amount of capacity drop after an 
incident (time t0), via the duration until a recovery can begin (t1), as well as the duration which is 
required for a recovery of the original capacity (t2). In simplified terms, the associated failure effects, 
such as users issues or recovery costs, can be understood as functions of these parameters, although 
they must be evaluated separately for each station and its boundary conditions.  
 
Against this background, the project partners took a deeper look at incidents at subway stations from 
the past, such as the 7/7-bombings in London or the terroristic attack in Brussels and defined the 
following vulnerability assessment criteria. Each of this criteria is in itseld a function of different 
indicators, that need to be assessed accordingly: 
 
 
Table 1 Evaluation criteria for the vulnerability assessment  
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Structure User Operation 
Damage Duration of evacuation Operational costs 

Costs Fatalities Duration (until capacity is fully 
restored) 

Duration (until structure is fully 
restored) Travel time losses  

 
 
In addition to obvious indicators such as "damage" and "costs", the system developed in U-THREAT 
also takes into account travel time losses in the overall network due to feedback of a damage to the 
surrounding network, according to the aforementioned theoretical considerations. In addition, a 
differentiation is made between the duration until complete restoration and until restoration with full 
capacity. This is because it is conceivable that after an incident the station will be fully used again for 
traffic purposes relatively early on, although further structural repair measures might still be 
necessary. 
 
With the help of these criteria, a vulnerability assessment can then determine which station of the  
respective system has the greatest need for measures to improve resilience with regard to these 
parameters. 
 
 
Scenarios 
The basis for each evaluation is a set of typical scenarios that operators have to expect. No general 
statements are possible with regard to both the probability of occurrence and the corresponding extent 
of damage, since the situation can vary from station to station and from city to city, with a lasting 
influence on the two aforementioned parameters. Nonetheless, it is possible to identify certain types 
of threats and their expected impact.  
 
In the course of the U-THREAT project, the project partners have reviewed various international 
databases with past events and – in addition – conducted a series of extensive expert interviews with 
operator representatives from France and Germany. The results of these efforts were collated in a 
database of possible events, which were generalized in terms of type and impact and adapted for 
further processing. These events can theoretically be applied to all three criteria (structure, user and 
operator), although not all scenarios are relevant for all criteria. For example, a technical failure that 
leads to a power failure at the platform area has obviously no relevance in the context of the structural 
evaluation.  
 
Qualitative assessment systems 
Various methodological approaches are available for the evaluation of the criteria described above, 
which are mostly based on mathematical or engineering methods. The project partner ARCADIS 
regularly uses some of these methods and procedures in the course of analyses already carried out 
today. In the course of the analysis of the Amsterdam "Noord-Zuid-Lijn", for example, a 
methodological approach was chosen which can be traced back to the classical qualitative risk 
analysis and the corresponding risk mapping. Here, the risk is always defined as the product of the 
probability of occurrence and the expected extent of damage. That said, for each conceivable hazard 
scenario and based on expert assessment, the respective risk is located in a risk map developed for this 
purpose (Fig. 2). 
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Figure 2 Qualitative risks assessment as being used for vulnerability assessments 
 
For the criteria specific assessment then a “score card” is used, based on predefined threshold levels. 
For instance, severe damages might score 5, as well as repair costs of more than 10 million € or a 
travel time loss of 2h or longer. The definition of these threshold levels is naturally based on the 
experience of the consultant and done with respect to the boundary conditions of the subway system 
to be assessed. Each possible subsequent damage therefore equals a score, wich can then be combined 
with all other scores of parallel assessments. This results in a vulnerability score as the final output of 
the assessments procedure. Figure 3 shows such a score card, with the darker fields being the result of 
an exemplarily assessment for a specific szcenario and a given station.  
 

 
 
Figure 3 Score card for a comprehensive vulnerability assessments 
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The advantage of this approach is that the results of a vulnerability analysis can be generated 
relatively easily and quickly:  
 
Against the background of a specific scenario (e.g. "fire in the platform area" or "bomb attack in the 
platform area"), assessments are made with regard to the selected criteria and indicators, thus locating 
each scenario as a risk in the displayed map. As an example, the assessment of structural damage as a 
function of the structure itself, its static structure, its structural condition and the impact in question, is 
assessed with regard to the expected damage. Therefore the expert chooses a specific result from the 
score card that he feels comfortable proceeds with the assessemtn. As a premise, a probability of 
occurrence of “1” is assumed for the specific scenario, which can be reduced according to existing 
data or the assumption of the expert. Depending on the colouring of the resulting category, the 
assignment of a scenario to one of these categories results in an evaluation number or vulnerability 
score. This can then be regarded as a qualitative structural reaction in a specific scenario.  
 
A comparable procedure is carried out for the other criteria and indicators presented above. Finally, an 
overall evaluation usually follows as an aggregation of all individual scores, either purely summarily 
or – also possible – with additional effect factors that are applied in the post-processing procedure. At 
the end, a "vulnerability score" or “vulnerability number” of the evaluated station is generated in such 
a manner.  
 
Methodical problems can be identified as a disadvantage of this approach: 
 

- The delimitation of the various categories within the evaluation system (e.g. from "minor" to 
"moderate" in Figure 3) generally follows a subjective assessment of the evaluator as shown 
above, as does the location of a considered element within these categories. The basis for this 
subjective assessment is usually one's own experience or a comparison with data from other 
projects. If the data of a project to be re-evaluated exceeds the limits of this assessment, the 
chosen yardstick becomes obsolete and the assessment becomes at least fuzzy if not wrong in 
principle. 

 
- Vulnerability as a target variable defined by the score values of the assessment is 

dimensionless and a priori has no scale. Therefore, with this type of procedure, it must be 
defined and be given a scale with a “limit state” in advance which equal a high vulnerability 
and subsequent measures. However, this can only be done reflexively in relation to a 
population of data or experiences and is therefore also questionable with regard to 
transferability. That said, a vulnerability scale developed for Lyon is unlikely to provide any 
useful results for Paris. This is because an aggregated vulnerability score is limited in its 
transferability. For instance, a monetary damage to the subway of a city like Dortmund can be 
a comparatively small damage to a city like Berlin or Paris and vice versa. With this in mind, 
relatively small damages in Paris may be big damages in Dortmund and vice versa. Therefore, 
all scales and the score system itself needs to be adjusted to the local boundary conditions 
every time it is used. 

 
On the one hand, these disadvantages have to be taken into account when considering and making 
decisions and, on the other hand, they can lead to considerable problems with regard to the 
comparability of the results.  
 
The U-THREAT approach: semi- and fully quantitative evaluation systems 
In order to avoid the aforementioned problems of qualitative analyses, the evaluations can be carried 
out quantitatively and comprehensively. The basis for this is the consideration not to look at 
individual isolated stations, but to evaluate the system of one city as a whole, although not every 
station can be examined in detail. For example, a vulnerability comparison within the system can be 
used to rank the stations without having to define a scale for the vulnerability of individual stations a 
priori. The use of a suitable pre-filter thereby reduces the number of stations to be investigated to a 
manageable level. The user is then free to decide whether he wishes to limit himself to a specific 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

224



scenario or to a certain set of parameters or whether he wishes to consider a freely selectable set of 
scenarios and indicators. 
 
If he wants to prefilter the dataset in order to reduce the amount of stations to be considered, the U-
Threat partners have developed a prefilfter that enables the user to extract “minor” from “major” 
stations, with both attributes being defined in terms of the relevance of the station for a vulnerability 
assessment. Therefore we conducted a sensitivity analysis to identify those characteristics that are 
typical for vulnerable stations. Figure 4 display the logic of the pre-filter in principle.  
 

 
 
Figure 4 Prefiltering the data set 
 
 
The influence of the parameters have been tested with the help of one French cities metro network and 
were than validated using a German municipality. As it was mentioned in the beginning, it is not 
possibly to display these assertions using quantified assessments due to reasons of confidentiality.  
 
After reducing the data set, the user can decide if he wants to conduct a more comprehensive or a 
faster assessment. In the context of evaluation, the U-THREAT approach therefore distinguishes 
between a "simplified" or "rough" method and an exact determination of the indicators. The 
difference between the two methods is explained below using the example of the "Structure" area:  
 

- For the rough method, critical components of typical station designs were identified and 
exemplarily subjected to stress by the relevant scenarios. The results are stored in a database 
and made available for simplified semi-quantitative analysis. The uncertainty of this approach 
results from the deviation of the real situation from the exemplary investigation, which we 
regard as sufficient for such a rough evaluation. 
 

- For the exact determination, corresponding engineering calculation methods are necessary to 
record the building reaction. For thermal, short-term dynamic and combined actions, spatial 
numerical calculations are typically applied, as presented for example in [7]. In general, a 
quantification of the indicators presented in Table 1 is based on an extensive classification, 
which sometimes exceeds the technical and logistical possibilities of the operators. 
Theoretically, the rough method can therefore provide an overview of the situation of the 
system under consideration and thus indicate a further need for more detailed analyses. Figure 
5 below shows the schematic sequence of the U-THREAT approach for the indicators "Travel 
time losses", "Additional operating costs" and "Duration (until complete capacity has been 
built)". 
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The schematic sequence of this procedure is shown in the following Figure 5 for the investigations of 
the travel time changes. 
 
 

 
 
Figure 5 Flow chart of the assessment of travel time losses within a given system  
 
The results are aggregated using a mathematical algorithm known as the Analytical Hierarchy Process 
(AHP), which is used alternatively to form a ranking. This algorithm can be used for both the rough 
and the exact evaluation method.  
 
The AHP was developed by Thomas Saaty [8][9][10] It is characterized by the three main parts: 
analytical procedure, hierarchical structure and a processual decision [11][12]. Analytic procedure 
means that the method is working with mathematical-logical functions which are comprehensible for 
all project participants. A hierarchical structure has to be applied to the decision problem so that it can 
be split into different levels of comparison. The process-related character allows the method to be 
restarted as many times as needed in order to reproduce decisions or to describe the whole decision 
making process. Furthermore, it is possible to imply quantitative and qualitative information during 
the decision process.  
 
For a meaningful evaluation result, different information has to be weighted in order to show the 
significance of the decision. For the pair and alternative comparison Saaty introduces a 9-value-scale 
[8][9][10][13]. This scale includes also the use of reciprocal scale values. E.g. if one element is 3 
times more important than another element it means that the other element possesses the value 1/3. 
Due to the fact that those pair comparisons are often made in a subjective way, it might be possible 
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that they are inconsistent. For instance, if criterion A is three times more important than criterion B, 
and B is two times more important than C, the decision maker could evaluate criterion A three times 
more important than C (whereas it has to be six times). In that case, the made evaluation is not correct 
and would lead to a wrong result. But to a certain very limited extent inconsistencies are allowed and 
do not endanger the whole decision [14].   
 
For checking consistencies, Saaty defines the consistency index (CI) and the consistency ratio (CR). 
With the help of the eigenvalue-method it is possible to calculate the inconsistency and to detect 
wrong comparisons. The reference point given by Saaty for CR is 0.1. If the value of 0.1 will be 
exceeded, the decision process is regarded to be inconsistent so that the logic and interpretability of 
the results are not given anymore. The decision maker then has to correct the correlating mistake and 
to evaluate the whole process again. For providing a traceable and transparent decision, a sensitivity 
analysis then has to be carried out. The main goal of this analysis is to show the influence of weight 
changes (read: prioritization of specific criterions) which may lead to a change in the ranking of the 
alternatives. This analysis is a very effective tool to analyze the stability of results, especially when 
one alternatives prioritized in the result of an AHP evaluation by narrow margin. For the fundamental 
mathematical procedure the reader is referred to fundamental literature, such as [8][9][10][13]. 
 
This approach and its application as the underlying mathematical algorithm has various advantages: 
 

- The AHP can be used to assign a specific weighting to individual criteria within the valuation. 
For example, it is possible to give the parameter "structural damage" a higher influence on the 
overall result than the travel time losses due to the temporary failure of a station. The user is 
free to choose these priorities.  
 

- Due to the direct comparison of the stations with each other, the developed system can be 
applied to any network without having to adapt the scales and and target systems.  

 
- The computer- and database-supported analysis makes it possible to track and trace the 

evaluations and also directly compare the assessments of several users with each other.  
 

- By implementing a sensitivity analysis, the influence of specific parameters on the result can 
be examined in more detail without having to restart the calculation.  

 
The results are then made available to the user in the form of weighted diagrams so that he can 
recognize which of his structures is most likely to be classified as vulnerable and measures should 
then be taken. A renewed run of the evaluation under inclusion of the applied measure effect shows 
then the increase of the resilience by the employment of concrete measures.  
 
 
EXAMPLARILY APPLICATION 
 
As part of an exemplary application, various structures of an inner-city subway network were selected 
to illustrate the methodology. These stations were charged with the developed set of scenarios and 
evaluated with regard to the structural reaction and the subsequent operational and user related 
reactions of the system. Again, for reasons of secrecy, the results of the structural evaluation cannot 
be presented in more detail here. For the sake of simplicity, the exact mapping of user-related effects 
was also dispensed and only the resulting multiple travel time losses were processed. The following 
Figure 6 shows the front end of the developed tool, that allows the user to control the input variables 
and the prioritization of the criteria for the comparison. Here, the corresponding data of the travel time 
losses due to the applied scenarios were uploaded for each station. This process results in a natural 
ranking of all stations considered, that can then be compared to other ranking, that might result from 
damage assessments, cost evaluation etc.   
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Figure 6 Front end of the vulnerability tool 
 
The result of the first run is shown in Figure 7. The analysis shows a clear vulnerability ranking with 
station 3 being the most vulnerable station in the system and other station following in line. The main 
reason for this was the structural reaction of station 3 to the chosen scenarios, which, as a result of the 
damage, also resulted in significant travel time losses due to the time required to restore the capacity 
of the system (see also Figure 1).  
 

 
 
Figure 7 Result of the vulnerability analysis of a specific set of stations (without measures) 
 
 
Subsequently, the influence of different measures of the structural upgrading was assessed by a re-
evaluation. Therefore a selected set of measures were applied to the system, such as measures of 
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structural upgrade as well as measures of operational optimization. In the analysis, it was found that 
the application prevented a large part of the structural damage at Station 3 and a noticeable reduction 
of the damage level could be observed. Subsequently, also the amount of travel time losses were 
reduced and the station changed its rank within the analysis (Fig. 8). 
 

 
 
Figure 8 Result of the vulnerability analysis of a specific set of stations (with measures) 
 
The analyses presented here can be deepened and theoretically extended by further aspects. Currently 
we are working on the additional implementation of lifecycle cost analyses to get a better impression 
and comparability of the applied measures.  
 
 
SUMMARY AND OUTLOOK 
 
The methodology and procedure presented here allows a realistic representation of the vulnerability 
ranking within a system of subway stations. The authors propagate to ignore global assumptions or 
the definition of a global scale of vulnerability and instead to compare the stations within a system as 
a whole in order to avoid methodical errors and logical mistakes of classical evaluation methods.  
 
The approach developed for this purpose can be used for owners and operators of subway systems to 
determine the corresponding hazard level. It is also possible to use it to assess the influence of 
measures to reduce the extent of a hazard. The computer- and database-supported methodology 
simplifies the traceability of the evaluation and aggregation of the results and additionally enables a 
sensitivity analysis of the final result. 
 
In order to sharpen the rough methodology, a further validation on the basis of real building analyses 
makes sense. The more exact and comprehensive these analyses are in the future, the more reliable 
and stable the results will be.  
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ABSTRACT 
 
The Brenner Base Tunnel (BBT) is a 55 km railway tunnel under construction through the Alps, 
linking Innsbruck (in Austria) and Fortezza (in Italy). The BBT is the main element of the new 
Brenner railway from Munich to Verona. Joining with the existing Innsbruck railway underground 
bypass, it will become the longest underground railway in the world (64 km). The BBT will be 
completed by 2028. 
After a brief description of the project, the paper presents the results of the risk analysis that guided 
the design choices during the development of the project, according to the ALARP principles. 
The risk analysis was performed using the "event tree" method, which takes into account a reference 
incident and analyses the consequences. The analysis in the diagram shows that the risk profile of the 
BBT remains in the "Acceptability Zone". The values for individual risk, collective risk and 
cumulative risk were calculated using specific mathematical models and were assessed with 
appropriate acceptance criteria. The risk assessment demonstrated how the safety measures adopted 
are in compliance with the requirements and the currently recognized safety standards.  
A specific chapter is dedicated to the spacing between the cross-passages and the incidence on the 
total costs of the work is estimated. 
Finally, the safety measures that provide the greatest contribution to mitigating risks are highlighted 
and can be considered as recommendations for future applications. 
 
 
PROJECT DESCRIPTION 
The Brenner Base Tunnel, also known as the “BBT”, is actually a complex tunnel system including 
two main railway tunnels, an exploratory and service tunnel located between and below the two main 
tunnels, three emergency stops with a cross-over point south of the St. Jodok emergency stop, the 
connecting tunnels to the Innsbruck bypass tunnels, the interconnecting tunnels to the existing railway 
line near Fortezza and the three lateral access tunnels in Ahrental, Wolf and Mules which can be used 
by road vehicles and allow access from outside the tunnels to the emergency stops in Innsbruck, St. 
Jodok and Trens. The emergency tunnel can also be accessed from the northern portal and through the 
Ampass tunnel which can also be used by road vehicles. 
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Figure 1. Overview of the BBT project tunnel system. 

 
The main tunnels of the BBT are connected every 333 m by connecting tunnels. The connecting 
tunnels to the Innsbruck bypass have safety corridors which are walled off from the railway tunnel 
and are accessed by doors located every 333 m. The interconnecting tunnels in Fortezza have 
emergency exits no further than 500 m apart. 
The existing Innsbruck bypass is a two-track tunnel and is 12.62 km long. Connecting tunnels branch 
off to the east and west tube of the base tunnel at 7.38 km from the north portal. A safety and rescue 
tunnel runs parallel to the bypass tunnel. The rescue tunnel is connected to the bypass by connecting 
passages located every 333 m. 
The Innsbruck railway bypass is considered to be an integral part of the project, since freight trains, 
which will make up the greater part of future rail traffic, will travel through the Innsbruck bypass and 
its connecting tunnels to the BBT. The BBT, with the Innsbruck bypass, will be the longest railway 
connection in the world (64 km). 
Current forecasts have completion of the works at the end of 2028. 
 
CONSIDERATIONS ON THE METHOD 
The aim of the risk analysis carried out for the BBT is to show that, quantitatively, the safety 
measures put in place will allow a high level of personal safety when the tunnel goes into operation. 
The analysis considers the tunnel as a single system and examines any malfunctions that might lead to 
severe consequences. 
Among the hazards considered as relevant for personal safety and therefore relevant to this analysis, 
there are fire, explosions, toxic gas emissions and accidents with exclusively mechanic consequences 
(such as train derailments and collisions). 
In general, the risk defines the likelihood that a situation may occur, with undesired consequences and 
severity levels. Risk can therefore be defined as a measurement of the safety level, assessed and 
expressed with units of measurement. 
Risk components are: 

• The frequency with which a hazardous event occurs; 
• The amount of damage or harm, determined by the number of people and the value of 
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material goods impacted by a hazardous event at the time the event causes its effects and by 
the sensitivity to damage of the people and the material goods involved. 

Risk analysis, in general, involves an analysis of hazards, of exposure to hazards, of the consequences 
and finally the quantification of the consequences themselves in terms of individual and collective 
risk. 
For the BBT, the risk analysis was done using the method known as Event Tree Analysis or ETA. 
The ETA method considers each possible hazard and assesses its effects, representing them like 
branches on a tree. The most important branches are subsequently analysed and, for each one, risks 
are quantified based on the level of damage or harm and the probability of occurrence. 
The next step is risk assessment, which evaluates whether risks are acceptable, comparing the numeric 
risk indicator values with the protection objectives chosen. 
 
RISK ANALYSIS AND QUANTIFICATION 
The first phase of risk analysis includes a hazard assessment, which, for the BBT, was carried out 
considering 4 incident scenarios seen as relevant: 

1. Fire 
2. Explosion 
3. Toxic gas emission 
4. Train derailment or collision having exclusively mechanical consequences 

 
The analyses also took worst-case scenarios into consideration: 

• accidents at critical points in the tunnel, 
• multiple trains stranded in the same tube, 
• accidents or malfunctions to a train in the opposite tube. 

 
The main data used for the analysis are as follows: 

• geometrics of the tunnel system; 
• characteristics and end use of the areas surrounding the portals of the main tunnels; 
• operational railway traffic plan (number and type (categories) of trains; 
• amount and characteristics of hazardous goods to be transported by rail. 

 
As far as railway traffic is concerned, the paper refers to forecasts used for the planning approved in 
2009 (Table 1). 
 
Table 1. Global traffic forecast (updated to 2009). 

Train category Average speed 
km/h 

Length in 
metres 

Average number 
of 

trains per day 

Number of 
trains per year 

Passenger trains 160 - 200 200 - 400 42.5 15,500 
Freight trains 100 - 160 176 - 700 192 48,000 
Rolling highway freight 
trains 100 460 30 7,500 

Total no. of trains   264 71,000 
 
The technical report “Safety Plan – Design optimisation 2013 – Numerical risk analysis” dated 
21/10/2014, drafted by M. Matousek for the BBT project company, estimated that the amount of 
freight transported through the tunnel would be 48.2 million t per year, which amounts to about 1.4 
million loaded train cars. Assuming that about 20 % of hauled freight is made up of hazardous goods, 
we have about 9.6 t of hazardous freight per year. Forecasts also provide the following breakdown of 
hazardous freight, on average 40 % petroleum derivatives and 60 % other hazardous materials, which 
are classified by type in Table 2. This breakdown by percentage gives the quantity of tons per year 
and the number of rail cars per year. 
 
Table 2. Forecast amount of hazardous goods transported (Technical Report “Safety Plan – Design 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

233



optimisation 2013 – Numerical risk analysis” dated 21/10/2014, drafted by M. Matousek for the BBT 
project company). 

Category of freight 

Hazardous load Relevant hazardous load 

% t/yr t/Wa Wa/yr 
FTT: Wa/yr RH and RFT: Wa/yr 

Fire Fire Explosion Toxic gases 

Mineral oil products 40 3,851,640 55 70,030 45.519 0 0 0 
Chemical elements 43 4,140,513 33 125,470 0 18.821 3.764 6.274 
Gases 7 674,037 40 16,851 0 0 10.953 0 
Fertiliser 5 481,455 33 14,590 0 0 0 0 
Pharmaceuticals 5 481,455 40 12,036 0 0 0 0 
Total 100 9,629,100  238,977 45,519 18,821 14,717 6,274 
 Total 39,812 Wa/yr 
Legend: 
FT Freight trains = RFT + FTT 
RFT Remaining freight trains (without considering full trains with tankers) 
FTT Freight train with tanker 
yr year  
RH “Rolling highway” trains 
t Tons 
Wa Freight cars and wagons 
 
Based on the breakdown by percentage, we have the following results for trains hauling hazardous 
freight: 
 
Table 3. Estimated number of trains with hazardous freight (Technical Report “Safety Plan – Design 
optimisation 2013 – Numerical risk analysis” dated 21/10/2014, drafted by M. Matousek for the BBT 
project company). 
Accident scenario FTT per year RH and RFT with hazardous loads per year 

% RH RFT Total 
Fire 2,100 47 3,525 15,510 19,035 
Explosion 0 37 2,775 12,210 14,985 
Toxic gas emission 0 16 1,200 5,280 6,480 
Total 2,100 100 7,500 33,000 40,500 
 
Below we have listed several details concerning the hazard assessment in the 4 incident scenarios 
considered. 
 
Accident scenario  FIRE 
Two types of fire were evaluated for each train category. Fire evaluations refer to 3 main sub-
scenarios: 
• the train leaves the tunnel or reaches the portal 
• the train stops at the emergency stop 
• the train stops in the base tunnel, in the connecting tunnel, in the Innsbruck bypass or in the Fortezza 

interconnecting tunnel (malfunction, accident). 
The consequences for people are: 
• harm due to high temperatures, 
• harm due to smoke. 
For the reference fire, 20 MW, simulations were carried out for smoke propagation in the pertinent 
areas of the tunnel, which showed that such fires can be controlled with ventilation. 
 
Accident scenario  EXPLOSION 
The method is the same as that used for the “fire” scenario. The analysis refers to the transport of 
explosive gases. Statistically, explosions are most frequently linked to train accidents (derailments or 
collisions). A constant emission of gas due to defective valves or sealing was considered irrelevant; 
the basic assumption was that a tank would rupture due to a train accident. Based on the size and the 
location of the leak, on the concentration of gas in the air, the degree of evaporation and the source of 
the fire, we determined whether an explosion or a fire would occur. Shock waves and heat are a 
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danger to passengers, operators and tunnel equipment, including the compartment doors to the tunnel 
and the doors of the cross-passages and connecting tunnels. 
 
Accident scenario  TOXIC GAS EMISSION 
In this case as well, we used the same method as for the “fire” scenario. The most relevant situations 
that can cause toxic gas emissions are consequent to train accidents (derailments or collisions). 
 
Accident scenario   TRAIN DERAILMENT OR COLLISION HAVING EXCLUSIVELY 
MECHANICAL CONSEQUENCES 
In this scenario, the consequences for passengers are due to damage to the structure of the railway 
carriage and the danger of being injured inside the carriage because of the collision. 
Relevant train accidents with exclusively mechanical consequences were analysed with reference to 
the following situations: 

• derailment and collision in the base tunnel, especially on switches and where the connecting 
tunnels and interconnecting tunnels branch off to Innsbruck and Fortezza; 

• derailment and collision in the Innsbruck bypass, especially where the interconnecting tunnels 
branch off. 

 
Risks were assessed for the 4 incident scenarios mentioned that may cause harm to people. These 
scenarios were evaluated using the ETA method; the relevant branches are assessed with estimated 
values for probability and level of damage. 
 

 
Figure 2. Application of the event-tree analysis method 

Note: RO.LA. is the acronym of  Rollende Landstrasse (Rolling Road).  
 
The results of the ETA are an estimate of the distribution of the probability of occurrence of the 
damage level associated with the consequences of the 4 incident scenarios taken as a reference. 
On the basis of these data, the collective risk or total risk was determined and defined as follows, 
 

TYPE OF SCENARIO TYPE OF TRAIN

PASSENGER TRAINS

RO.LA. WITH NO FIRE
INVOLVING DANGEROUS GOODS

RO.LA. WITH A FIRE
INVOLVING DANGEROUS GOODS

FREIGHT TRAINS WITH NO FIRE
INVOLVING DANGEROUS GOODS

FREIGHT TRAINS WITH A FIRE
INVOLVING DANGEROUS GOODS

FIRES

SPREAD OF
TOXIC GASES

EXPLOSIONS
RO.LA. WITH EXPLOSIVE GOODS

FREIGHT TRAINS WITH EXPLOSIVE GOODS

RO.LA. WITH TOXIC GASES

FREIGHT TRAINS WITH TOXIC GASES

SCENARIOS

MECHANIC EFFECTS
SOLELY (DERAIL/CRASH)

PASSENGER TRAINS

RO.LA.

FREIGHT TRAINS
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where: 

CR = expected collective risk 
pi = probability of occurrence of consequence i 
Ci = value of the damage indicator associated with consequence i 
n = number of consequence-events 

 
 
The application of this formula to the BBT gives the following value for the Collective Risk: 
CR = 1,96·10-4 fatalities/km/yr 
Calculation details are shown in Table 4. The table also shows that the total risk is determined, in 56 
% of cases, by fires with no hazardous freight, in 10 % of cases by accidents caused by hazardous 
freight and in 34 % of cases by train accidents with exclusively mechanical consequences. 
 
Table 4. Collective risk calculation using event-tree analysis. 

 
 
The Individual Risk (IR) is the yearly probability of a single fatality in a certain risk situation as 
compared to the population exposed over a pre-determined period of time and space (for example, per 
km of tunnel). 
The Individual Risk can be derived from the Collective Risk as a ratio between this value and the 
number of passengers per year. 
The number of passengers per year has been estimated as follows, starting from the above mentioned 
traffic forecasts in the project of 2009, meaning 15,500 passenger trains and 7,500 rolling highway 
trains per year, we calculated the maximum theoretical number of passengers (see Table 5). 
 
Table 5. Calculation of maximum no. of passengers per year. 

 No. of passengers 
per train (max) No. of trains per yea No. of passengers 

per year (max) 
Long passenger trains 800 1,500 1.2•106 
Other passenger trains 400 14,000 5.6•106 
Rolling highway freight trains 50 7,500 0.4•106 
Total  7.2•106 

 
Assuming an average passenger load factor of 85 %, we have an average number of passengers per 
year of 6.1•106 (85 % of 7.2•106). This gives us the Individual Risk, or the probability per year and 
per km that a passenger will lose their life in the BBT: 
 

Σ %
A 0 1-2 3-5 6-10 11-25 26-50 51-100 101-250 251-500 501-1000
T 0 1.5 4 8 18 38 75 175 375 750
BW 7.5E-04 7.8E-06 2.8E-06 4.0E-06 1.3E-06 3.3E-06 1.5E-07 4.9E-08 2.8E-09 1.9E-10
T*BW 0.0E+00 1.2E-05 1.1E-05 3.2E-05 2.4E-05 9.1E-06 1.1E-05 8.6E-06 1.0E-06 1.4E-07 1.1E-04 56.0%
GgW 3.3E-06 7.1E-07 2.5E-07 2.1E-07 1.4E-07 4.1E-08 1.3E-08 2.4E-08 1.4E-08 1.4E-09
T*GgW 0.0E+00 1.1E-06 9.9E-07 1.7E-06 2.5E-06 1.1E-06 9.9E-07 4.2E-06 5.2E-06 1.1E-06 1.9E-05 9.7%
MWW 4.3E-04 6.5E-06 2.3E-06 2.4E-06 8.2E-07 3.5E-07 5.4E-08 1.1E-09 0.0E+00 0.0E+00
T*MWW 0.0E+00 9.7E-06 9.1E-06 1.9E-05 1.5E-05 9.7E-06 4.1E-06 1.9E-07 0.0E+00 0.0E+00 6.7E-05 34.3%
Σ 0.0E+00 2.3E-05 2.1E-05 5.3E-05 4.1E-05 2.0E-05 1.6E-05 1.3E-05 6.3E-06 1.2E-06 1.95E-04 100.0%

A = extent of damage (number of deaths from 0 to 1000)
T = number of fatalities (average value of A)
BW = probability of outbreak of fire without dangerous goods/km/year
GgW = probability of propagation of dangerous goods (fire, explosion, toxic gasses)/km/year
MWW = probability of railway accidents with purely mechanical effects/km/year

Collective risk fatalities/km/year
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IR = 1.96•10-4 (fatalities/yr/km) / 6.1•106 (passengers/yr) = 3.2•10-11 fatalities/passenger/km/yr 
 
The Cumulative Risk, on the other hand, represents the cumulative probability that the damage will 
fall above an assigned indicator threshold (for example, a number of simultaneous fatalities greater 
than a number given as N). As we will see in the next paragraph, the Cumulative Risk is represented 
by a curve with the number of fatalities (N) on the x-axis and the cumulative frequency of accidents 
(F) which cause more than N fatalities on the y-axis. 
 
RISK ASSESSMENT 
Establishing the acceptability threshold for risks is one of the most difficult and sensitive tasks. In 
order to set such thresholds, studies were considered that had been carried out for the Eurotunnel and 
the St. Gotthard Tunnel, but also and especially the thresholds established by the Decree of 28 
October 2005, “Safety in Railway Tunnels”, enacted by the Ministry of Infrastructure and Transport 
of the Republic of  Italy (and indicated as follows as DM). The thresholds established by this Decree 
are based on the total data obtained from the risk analysis for all the tunnels along the Italian railway 
network, compared with accident statistics and collective expectations of safety. 
 
Individual and Cumulative Risk are the indicators used as a reference to establish safety level 
acceptability. 
 
The DM establishes 10-9 as the “unacceptability threshold”. The Individual Risk calculated for the 
BBT  (3.2•10-11 yr/km ) is significantly lower than that limit. 
For the sake of accuracy, it should be noted that the DM also introduces another and more restrictive 
threshold, known as the “attention threshold” and sets this value at 10-11. If the value of the Individual 
Risk were higher than the attention threshold, the law requires that the data used be exhaustively 
documented for precision and representativeness and that the accuracy of the procedure also be 
demonstrated. If there is any residual uncertainty, an ALARP (As Low As Reasonably Possible) 
assessment is also required. 
In order to establish an unacceptability threshold for Cumulative Risk, the DM of 28/10/2005 adopts 
the following graphic limitation criterion on plane P([fatalities /km/year] > x), where the probability 
that fatalities will be higher than a predefined threshold is taken into consideration: 
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Figure 3. Acceptability levels for cumulative risk according to the Decree of 28 October 2005 of the 

Ministry of Infrastructure and Transport of the Republic of  Italy. 
 
The graph shows the acceptability criterion of the cumulative probability function and indicates the 
yearly probability that the number of fatalities per km will be higher than the pertinent threshold. 
 
The application of this formula to the BBT provided the values in the following graph: 
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Figure 4. Cumulative risk profile of the BBT project. 

 
The figure shows that the BBT’s Cumulative Risk is below the unacceptability threshold but above 
the attention threshold, as is the Individual Risk. For this reason, planning and design have been 
supported by an ALARP assessment as well. 
ALARP principles were actually applied to the entire planning phase (project of 2009). Pursuant to 
this, every state-of-the-art safety measure considered economically reasonable was applied to reduce 
risks: cross-passages every 333 m, three emergency stops, elimination of a single two-track tunnel in 
Fortezza, specific ventilation systems, etc. In the subsequent guide design planning of 2013, further 
measures were taken; specifically, the number of switches was significantly reduced thanks to the 
elimination of two cross-over points and the passing tracks. The resulting risk profile and the assessed 
individual risk derive from the application of ALARP principles. 
Naturally, further measures may be considered for risk reduction, including a third tube, additional 
safety tunnels (as in the case of the Eurotunnel), larger tunnel cross-sections, more multi-purpose 
areas with ventilation systems and ventilation in the access tunnels, wider walkways in the tunnels, 
sprinkler systems, etc. These measures are extremely expensive and would greatly overshoot both 
international safety standards and technical standards. In the planning of 2009, they were considered 
financially unjustifiable when considering risk reduction vs. costs. 
Numerous studies have shown that it is possible to obtain a clear improvement in safety levels by 
applying safety considerations to the rolling stock to be used. Specifically, applying the measures set 
forth in the European Union’s Technical Specifications for Interoperability for rolling stock which are 
already in force today, the only trains allowed into the tunnel will be those with characteristics that 
will significantly lower the level of risk. 
 
In conclusion, based on the above, the risk assessment carried out for the BBT has shown that the 
safety measures adopted comply with regulations and are aligned with currently recognized safety 
standards; this confirms that the planning and design choices made in terms of safety are appropriate. 
 
FOCUS ON THE CROSS-PASSAGES 
The current edition of the Technical Specification for Interoperability relating to Safety in Railway 
Tunnels of the railway system of the European Union (Commission Regulation (EU) No. 1303/2014 
of 18 November 2014) establishes the need to build “cross-passages between adjacent independent 
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tunnel tubes, which enable the adjacent tunnel tube to be employed as a safe area”, noting that 
“cross-passages shall be provided at least every 500 m”. The BBT complies with this specification, 
since the cross-passages are located every 333 m. 
 
Using the ALARP principles as a base, there is a scientific debate as to whether having cross-passages 
at intervals lower than 500 m lowers the risk to the point of justifying the higher costs due to the 
greater number of cross-passages. 
 
For the BBT, the estimated inflation-adjusted cost of a cross-passage (4.5 m in diameter; 70 m long), 
including equipment and technical systems, amounts to 338,000 Euro. Building cross-passages every 
333 m instead of every 500 m means building 55 cross-passages more as compared to the minimum 
number per the EU Regulation and, therefore, extra costs for 18,590,000 Euro. The effect on the total 
project costs of 55 cross-passages is equal, according to current estimates, to 0.22 % of the estimated 
total costs (8.384 billion Euro). 
 

 
Figure 5. 3D model of the BBT: distance between the cross-passages. 

 
Only a careful quantitative analysis devoted specifically to a certain work can properly support 
statements on this topic; without such an analysis, any position is up for debate. However, having said 
this, we will describe as follows the choices made for the BBT. 
 
The decision to maintain the distance between the cross-passages at 333 m dates back to an earlier 
project phase, before the technical specification mentioned above had gone into force and, therefore, 
to a time when there was no binding norm for the Member States nor a clear, internationally 
commonly acknowledged approach. The 333 m parameter was established on the basis of other, 
similar projects in an advanced phase of development (Lötschberg and St. Gotthard) or already in 
operation (Eurotunnel). 
 
During the various planning phases of the BBT Project, the original spacing was repeatedly 
confirmed, for a series of reasons. 
• In a tunnel, the route people take to flee depends on the surrounding conditions. In the most 

favourable case (with no fire or smoke) the maximum length of the escape route is half the 
distance between cross-passages. In the most unfavourable case (with fire and smoke) the 
maximum length is the entire distance between cross-passages. Besides the length and width of 
the escape route, speed is also a decisive factor, but it is highly dependent on personal mobility 
(for example in children, the elderly, disabled people etc.) and by the situation (crowds of people, 
panic, heat and smoke). 
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• The cross-passages cannot be considered a safe area, mostly because they are not large enough to 
safely hold the large number of people from a fully loaded passenger train. Therefore, the total 
distance to be covered should be considered as the sum of the length of the escape route along the 
side walkway and the length of the cross-passages. 

• This risk assessment did not consider incidents caused by intentional acts (vandalism, sabotage, 
terrorism etc.) due to the difficulty in making reliable forecasts. It was felt that having more 
closely-spaced connecting passages could reduce the risks due to this type of events. 

 
It should also be noted that building cross-passages at shorter intervals than 500 m permits greater 
flexibility during construction and also allows a precise adjustment of individual passages depending 
on especially critical conditions in terms of geology or, in general, in terms of construction, without 
calling into question whether this choice might jeopardise safety. In other words, varying the space 
between cross-passages, for example by 10 % with a distance of 333 m, would involve a variation of 
±33 m (or 366 m in one direction and 300 m in the other) which would certainly be appropriate; the 
introduction of a similar variation with a distance of 500 m would lead to 533 m in one direction and 
467 m in the other, which might be considered unacceptable in the phase of norm compliance 
verification. 
 
Finally, as explained in the chapters devoted to risk assessment, it is important to consider that the risk 
of the BBT is above the attention threshold: the elimination of risk reduction measures that have 
already been approved and are part of planning, such as the distance between cross-passages, did not 
appear to be an appropriate choice. 
 
FINAL REMARKS 
Quantitative analyses have shown the design choices which are linked to the most significant risk 
reduction. In particular, the route of the transport infrastructure is the first factor which contributes 
substantially to risk reduction. The route can provide appropriate distance from possible risks in the 
surrounding environment and it can also favour accessibility, proximity to rescue organisations, 
evacuation in case of self-rescue, and interventions to limit damages. Another planning choice which 
is extremely important for risk reduction is the use of two separate tubes, meaning the use of a tunnel 
that is separate from the tunnel in which an incident occurs, especially in the case of severe or 
catastrophic accidents. For the BBT, risks were further significantly reduced with emergency stops, 
the position of the cross-passages, the rescue tunnel for the Innsbruck bypass, the safety corridors in 
the connecting tunnels and by reducing the number of switches in the tunnel. Analyses have also 
shown the importance of the width of the side walkways for flight and the importance of an efficient 
ventilation system. 
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ABSTRACT 
The SR99 Highway Tunnel in Seattle, USA is to date the largest diameter operational single-bore road 
tunnel in the world. It opened to traffic in early 2019 and has been operated continuously since then by its 
Owner, Washington State Department of Transportation (WSDOT). Safe operation of this complex 
transportation facility required a comprehensive commitment to safety throughout the development of the 
project from concept to completion, and on into operations. This paper provides an overview of the fire 
safety for the tunnel from concept through design and construction to operations. 
 
KEYWORDS: Safety concept, safety design, safety systems, operations, emergency response  
 
INTRODUCTION 
The SR99 Highway Tunnel under central Seattle, USA is the largest diameter operational single-bore 
road tunnel in the world as of 2019. It opened to traffic operations successfully in February, 2019. It is a 
3.2km long, 17.7m diameter single-bore tunnel with stacked two-lane roadways, each with a 2.4m 
shoulder. It is part of a vital urban transportation artery and designed to handle 55000 vehicles per day. 
The Owner, Washington State Department of Transportation (WSDOT), determined early in the project 
that this tunnel required a holistic integrated tunnel safety concept that would draw on global best practice 
to provide the best possible safety level for tunnel users. WSDOT is not only the Owner and Operator, but 
also has the role of Authority Having Jurisdiction (AHJ). Seattle Fire Department (SFD) was involved 
throughout the project as a key Stakeholder and any departures from NFPA 502, the Seattle Fire Code or 
other applicable fire safety standards were agreed with SFD via a Letter of Concurrence which confirmed 
SFD’s acceptance of the departure. The tunnel was delivered via a Design-Build contract issued to the 
Seattle Tunnel Partners (STP) joint venture. STP’s Engineer of Record (EoR, the Designer) was HNTB. 
 
NOTE ON UNITS: Contract documentation specified units in US Imperial, except for Peak Heat Release 
Rate (MW). Primary units in this paper are therefore in Imperial, with SI conversions added. 
 
BACKGROUND 
SR99 is a vital Washington State transportation artery that, inter alia, provides a vital transport link 
through downtown Seattle. The genesis of the SR99 Tunnel came from the 2001 Nisqually earthquake in 
Seattle. This earthquake damaged the 1950s-era SR99 Alaskan Way Viaduct that ran along the Seattle 
waterfront by Elliott Bay. This was an elevated stacked viaduct carrying the SR99 route traffic. 
Constructed in the 1950s, it was of similar design to the highway that collapsed in the 1989 Loma Prieta 
earthquake and there were fears that should another similar incident occur in Seattle, SR99 Viaduct could 
also collapse. Consequently, plans were developed to replace the viaduct. From a series of potential 
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options ranging from a new viaduct to an at-grade roadway, a preferred option of a single bore tunnel 
with stacked roadways was selected and brought to market. A Design-Build contract was issued to the 
Seattle Tunnel Partners joint venture in 2010, and construction began in 2011 with tunnelling starting in 
2013. Tunnelling was completed in 2017 and the tunnel opened to traffic on 4th February, 2019. Figure 1 
gives an overview of the location. Figure 2 shows a sectional view of the tunnel showing the general 
arrangement. 
 

 
Figure 1. Location of the SR99 Highway Tunnel. The old viaduct ran approximately along the route 
marked “New Alaskan Way” in this image. 
 

 
Figure 2. General arrangement of the SR99 tunnel, looking north. 
 
The southbound (SB) roadway is above with the Northbound (NB) roadway below. The egress corridor is 
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located on the west side of the tunnel along with service rooms and utility corridors (utilidors). The 
ventilation extract duct runs along the east side of the tunnel. An invert service utilidor runs underneath 
the NB roadway. 
 
FIRE SAFETY OBJECTIVES 
The fire safety objectives for the tunnel are: 
 

• Provide a safe environment for tunnel occupants 
• Provide tenable egress in event of emergency 
• Provide access for first responders in event of emergency 
• Protect structural integrity in event of emergency 

 
SAFETY CONCEPT 
The overall safety concept was developed for the single-bore, stacked-roadway design concept. It was 
developed to provide an “all-hazards” (1) integrated resilient safety design with multiple systems and 
redundancies to (i) minimise hazards to occupants, (ii) minimise the probability of occurrence of such 
hazards that could not be eliminated and (iii) minimise the consequences to occupants when such hazards 
occur. The concept incorporated design measures and operational controls to achieve the aims of the 
concept. This included: 
 

• Compliance with NFPA 502-2008 (2) and other applicable requirements; 
• Consultative stakeholder engagement process; 
• Inter-agency communications to facilitate rapid response to incidents; 
• Emergency response plans, including for non-design emergencies; 
• Extensive training for operations staff; 
• 24/7 tunnel monitoring and control with primary control from WSDOT regional Traffic 

Management Center (TMC), with local backup available at each of two service buildings (one at 
North end; one at South end); 

• Intelligent traffic systems; 
• Electrical services with two independent, redundant supplies, with additional generator 

emergency backup; 
• Point extraction tunnel ventilation system with jet fan portal control; 
• Dedicated maintenance air ventilation system for egress corridor and utility corridors; 
• Passive structural fire protection; 
• Deluge-type water-based fixed fire-fighting system (FFFS) for the roadways, with NFPA 13-2010 

(3)  Extra Hazard Group II application rate; 
• Dry-type water-based standpipe and hydrant system, compliant with NFPA 14-2010 (4); 
• Multiple methods of communications with motorists; 
• Multiple methods of fire detection; 
• Dedicated fire alarm system compliant with NFPA 72-2010 (5); 
• Egress signage and lighting in roadway; 
• Common fire-separated egress corridor for both roadways, with dedicated refuge spaces for 

Persons of Restricted Mobility (PRM); 
• Comprehensive test and commissioning (Cx) process for acceptance of completed tunnel and its 

safety systems prior to start of operations. 
 
All references to NFPA standards cite the contractually applicable edition of the relevant standard. 
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SAFETY SYSTEMS 
The suite of installed safety systems was selected to help achieve WSDOT’s aim of safely operating the 
facility. Each system provides a link in the chain of safety protection for the tunnel. Concurrence was 
sought from Seattle Fire Department for all tunnel fire safety measures, and for various specific 
departures from NFPA 502-2008 and/or the Seattle Fire Code, where applicable. For example, a 
concurrence was obtained to reduce the design Peak Heat Release Rate (PHRR) for the ventilation design 
to 100MW from the 200MW recommended by NFPA 502-2008, in recognition of the NFPA 13-2010 (3) 
Extra Hazard Group II classification deluge system that was installed in each roadway. 
 
SCADA System 
Central to the operation of the tunnel is the 24/7 supervisory control and data acquisition (SCADA) 
system, the SIDERA system supplied to STP by subcontractor, SICE. This SCADA system provides 
completely-integrated control and monitoring of tunnel operations, with pre-set operating modes, 
seventeen pre-set emergency response plans and the ability for operators and first responders to take 
control manually if the situation merits it. 
 
Electrical Supply and Distribution System 
The electrical supply and distribution system provides power for all safety systems in the tunnel and is an 
essential component of tunnel safety. It is provided by two independent supplies, one at each end of the 
tunnel. Each normally provides power to one half of the tunnel, but if one supply is lost the system will 
switch over such that the entire tunnel can be operated from the remaining supply. Two additional back-
up generators, one located at the North Operations Building (NOB) and one at the South Operations 
Building (SOB), can supply critical loads in the event both primary supplies are lost. 
 
Fire Detection and Alarm System 
The fire detection and alarm system is compliant with NFPA 72-2010. Dedicated fire alarm control panels 
(FACP) receive signals from the fire detection system and supply alarms to operators. The system is 
standalone but communicates alarms to the central SCADA system which coordinates the responses. The 
primary fire detection system is a linear heat detection (LHD) system which runs the length of both 
roadways in a redundant ring configuration. Other notification systems are provided, including manual 
pull stations through the tunnel. A separate visual automated incident detection (VAID) system can detect 
incidents in the tunnel and alert operators directly via the SCADA. Cellular telephone repeater systems 
are also installed in the roadways so tunnel occupants can also call in an incident via 911 emergency calls. 
 
Egress System 
Emergency egress from the tunnel is provided by a fire-separated dedicated egress corridor that serves 
both roadways. This is accessed via egress doors located at 650ft (198m) intervals. Emergency signage 
and emergency lighting in the roadway direct occupants to the egress doors. Inside the egress corridor 
stairs take persons to the main egress route. Persons of Restricted Mobility (PRMs) are provided with a 
fire-protected refuge at each egress point, along with communications with the operations staff. They may 
remain safely in the refuge until staff can assist with their evacuation. The egress corridor routes 
evacuating persons to each end of the tunnel and up to a muster point at the surface. Emergency lighting 
is provided along the entire length of the egress route. Figure 3 shows egress signage in the roadway and 
one of the emergency egress doors.  
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Figure 3. Egress signage and egress point 
 
Ventilation Systems 
The tunnel is provided with two ventilation systems. The main tunnel ventilation system (TVS) provides 
both normal and emergency ventilation for the roadways. It is a point-extract type system, selected due to 
the likelihood of tunnel congestion arising from the tunnel’s urban location and proximity to significant 
event locations at both the north and south portals. Large centrifugal fans located at the NOB and SOB 
provide smoke extract in an emergency, aided by portal control jet fans located at both entry and exit 
portals. Smoke is extracted via a single duct that runs along the side of the tunnel. The system will control 
smoke such that a tenable environment is preserved to both sides of a fire location in the incident 
roadway, except for a 600ft (182m) untenable zone in the immediate vicinity of the fire. Pressurisation of 
the egress route in a fire emergency is achieved by the emergency mode of operation of the maintenance 
air system (MAS) which in normal operations provides environmental control of the egress corridor and 
the back-of-house spaces (utility corridors or utilidors). A detailed description of the tunnel ventilation 
system can be found in Reference 6. Figure 4 shows the main extraction fans installed at the NOB. 
 

 
Figure 4. Centrifugal tunnel ventilation extraction fans at the NOB. 
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Fire-Fighting Systems 
The tunnel is provided with two main fire-fighting systems as well as portable hand-held fire 
extinguishers, located at the fire cabinets throughout the tunnel. An automated water-based fixed fire-
fighting system (FFFS) is provided, as is a dry-type standpipe and hydrant system.  
 
The FFFS is a deluge-type system. The tunnel is divided into fire zones and on detection of a fire the 
FFFS will automatically deploy in two adjacent zones following a Positive Alarm Sequence (PAS) to 
minimise the risk of false deployment. Operators may manually override the PAS at any time. The FFFS 
is designed to supply water to satisfy NFPA 13 Extra Hazard Group 2 requirements. As noted above, it 
was due to this supply parameter that the SFD agreed to a concurrence reducing the design fire PHRR for 
the tunnel ventilation system. Figure 5 shows the FFFS system in the crown of the Southbound bore, 
along with a view of the Lane Control Signage. 
 

 
Figure 5. View of Southbound bore showing FFFS system and Lan Control Signage (LCS) 
 
The standpipe system provides fire hose connections at each fire cabinet throughout the length of the 
tunnel. These are spaced such that full hose coverage of each roadway is provided. Figure 6 shows a fire 
emergency point  in the tunnel. 
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Figure 6. Fire hose cabinet with emergency communication point, portable extinguisher inside cabinet 
 
Structural Fire Protection 
The structure of each roadway is provided with passive protection against elevated temperatures from fire 
emergency. A spray-coated cementitious fire-protection material, Grace Monokote, is applied to the 
entirety of each roadway soffit and extends 1m down each roadway wall. 
 
Emergency Communications 
Each roadway is provided with multiple means of communicating with tunnel occupants. Cellular phone 
repeater systems are installed along with a radio rebroadcast system, each of which allows for direct 
communication with vehicle occupants in the tunnel. Variable message signs (VMS) are also installed and 
can be configured to display a range of pre-set messages to motorists. Emergency phones are provided 
adjacent to each fire cabinet in the roadway and at each refuge point in the egress corridor. Emergency 
radio communication also allows for communication by first responders on their dedicated frequencies. 
 
Intelligent Traffic Systems (ITS) 
Traffic can be controlled in the tunnel by a variety of ITS. Lane control signs (LCS) and the VMS can be 
used to instruct drivers within the tunnel while signage prior to and at the portals, combined with ramp 
meters and gates at the portals, can be used to control and/or prevent entry of vehicles into the tunnel. 
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Figure 7. Variable Message Sign (VMS) in the tunnel. Taken during the Grand Opening weekend. 
 
TEST AND COMMISSIONING 
Prior to being opened to traffic operations, the completed tunnel and its systems were subject to an 
extensive program of test and commissioning. This was a multi-layered process which started with 
factory tests of individual items of equipment, the development of pre-functional checklists (PFCs) and 
then the actual individual system Functional Performance Tests (FPTs) and Integrated FPTs (IFPTs) that 
formed the main process of commissioning. Once the tunnel and systems were formally Commissioned 
via these latter tests, control of the facility was transferred from the Design-Builder (STP) to the Owner 
(WSDOT) for them to prepare the tunnel and its operators for opening day. 
 
TRAINING 
An essential component of safe operations is ensuring that staff are properly trained and familiar with the 
operation of the tunnel and its various systems. Part of the Design-Builder’s duties was to provide training 
in the use of the tunnel and its systems to WSDOT staff. All staff were given a mixture of classroom and 
practical training in the use of each system and were walked through each system’s installation so as to 
familiarise them as thoroughly as possible with the facility prior to opening. An additional suite of 
familiarisation and training was provided to a large cohort of Seattle Fire Department’s firefighters. 
 
OPERATIONS 
During normal operations, tunnel control and monitoring is carried out from the Northwest Regional 
Traffic Management Centre (TMC) at Dayton, north of Seattle.  Backup local controls are located at both 
service buildings, with primary backup control located at the north service building (North Operations 
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Building). 
 
Operations are normally carried out via Human-Machine Interfaces (HMIs) for the SCADA system. 
Dedicated HMIs for the FACP are located physically adjacent to the SCADA HMIs to simplify 
emergency response. Each HMI has multipurpose monitors and a video wall that can display multiple 
images on its screens, or can display a single image across all screens, or a combination of the two. Figure 
8 shows an overview of the main control centre at the Dayton TMC. Figure 9 shows a view of the 
SCADA control post at the NOB during construction. Figure 10 shows the overview screen for the tunnel 
ventilation system for the SCADA HMI. 
 

 
Figure 8. Overview of main control centre at Dayton. 
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Figure 9. NOB control room during construction. 
 

 
Figure 10. SCADA HMI overview screen for tunnel ventilation system 
 
EMERGENCY RESPONSE 
In the event of emergency, it is vital that a response be initiated as quickly as possible, once the nature of 
the emergency has been confirmed. For the SR99 tunnel, there are 17 pre-set emergency response plans in 
SCADA. Operators and first responders also have the option to manually address the situation should the 
need arise.  
 
Emergency response covers not merely the emergencies for which the tunnel safety systems were 
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designed, but also for non-design events that nevertheless could occur. The safety concept therefore needs 
to consider these non-design events and have emergency response plans for such incidents, in addition to 
the set of events for which the systems have been designed. 
 
NFPA 502-2008 Chapter 12 specified a minimum set of emergency scenarios. WSDOT in its operations 
requirements has an Operations Plan that specifies a required set of emergency scenarios. These two sets 
of requirements are mapped together in Table 1. 
 

Table 1. Incident Types 
Emergency Incident Type (NFPA 502-2008, Chapter 12) WSDOT Operations Plan Incident 

Category/Type 
Fire or a smoke condition in one or more vehicles or in the 
facility 

Fire, Smoke 

Fire or a smoke condition adjoining or adjacent to the 
facility 

 

Collision involving one or more vehicles Vehicle collision 
Loss of electric power that results in loss of illumination, 
ventilation, or other life safety systems 

Electrical Distribution System 
Failure 

Rescue and evacuation of motorists under adverse 
conditions 

Rescue From Refuge Area 

Disabled vehicles Disabled Vehicle 
Flooding of a travel way or an evacuation route Flood 
Seepage and spillage of flammable, toxic, or irritating 
vapors and gases 

Hazardous Cargo Spill 

Multiple casualty incidents  
Damage to structures from impact and heat exposure Structural Failure 
Serious vandalism or other criminal acts, such as bomb 
threats and terrorism 

Explosion, Bomb Threat, Vandalism, 
Terrorist Acts 

First aid or medical attention for motorists Medical Emergency 
Extreme weather conditions, such as heavy snow, rain, high 
winds, high heat, low temperatures, or sleet and ice, that 
cause disruption of operation 

Severe Weather 

Earthquake Earthquake 
Hazardous materials accidentally or intentionally being 
released into the tunnel 

Hazardous Cargo Spill 

 Petroleum Product Spill 
 Debris On Roadway 
 Animals On Roadway 
 Non-Hazardous Cargo Spill 
 Excessive CO Concentrations In 

Tunnel 
 Tsunami 
 Maintenance Works In Roadway 
 Special Events 
 Fire/Life Safety System Failure 
 Mechanical System Failure 
 Loss Of Tunnel Lighting, Lighting 

System Failure 
 Communication Systems Failure 
 Intelligent Traffic System Failure 
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 Unauthorized Pedestrian Activity 
 Bicycle On Roadway 
 Intrusion Detection Alarms 
 Fire And Incidents In Egress Exits, 

Utilidor And Inverts 
 Fire And Incidents In Operations 

Buildings 
 One Traffic Lane Blocked 
 All Traffic Lanes In One Roadway 

Blocked 
 
Table 1 was used to develop the final set of pre-planned emergency response plans. Table 2 lists the final 
set of emergency response plans developed for the SR99 Tunnel. Each emergency response plan was 
programmed into SCADA so that an appropriate response could be implemented rapidly. Each response 
plan requires a different set of SCADA-controlled responses. For example, in both Plan 1 and Plan 2, 
immediately upon notification of a fire alarm, the tunnel ventilation system is programmed to go into 
emergency mode in the affected fire zone immediately, without waiting for confirmation of an actual fire. 
Conversely, after a fire alarm, the FFFS requires a Positive Alarm Sequence (PAS) to be followed prior to 
deployment, to minimise the risk of unnecessary deployment due to the potential consequences to 
motorists. The TVS in contrast may be deployed into emergency mode without any impact to motorists in 
event of a false alarm. 
 

Table 2. WSDOT SR99 Emergency Response Plans 
Response Plan No. Description 

1 Minor fire 
2 Major fire 
3 Two separate fire incidents 
4 Incident just outside portal entrance 

5A Full maintenance closure – one direction 
5B Full maintenance closure – both roadways 
6 Generic response plan 
7 Major/blocking debris 
8 Wrong way vehicle 
9 Southbound off-ramp congestion 

10 Northbound off-ramp congestion 
11 Air quality values exceed upper limits 
12 Loss of utility power 
13 Minor lane incident 
14 Maintenance operation/moving operation 
15 Earthquake/flooding/explosion/ 

tsunami/terrorism 
16 Hazmat: Spill response (non-hazardous) 
17 Hazmat: Hazardous materials 

 
 
Other incidents require different responses and may require more operator and/or first responder 
investigation before a complete response can be implemented. Many of the incident types require a 
situational assessment before some systems can be activated. One example is the response to Hazmat 
incidents, where the appropriate response will depend on an assessment of the type of material and the 
consequent risk to persons. For example, this could affect decisions about whether to activate the TVS i.e. 
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whether to use containment or dilution/dispersement for the material release in question. 
 
However, a fundamental first action of all the emergency plans is to implement appropriate traffic 
management to control traffic into the tunnel as soon as the incident type is known. This prevents further 
persons becoming involved in the emergency and, if there is no congestion, allows vehicles downstream 
of the incident to exit the tunnel and avoid remaining exposed to the incident. 
 
CHALLENGES FOR THE OWNER 
Washington State Department of Transportation (WSDOT) is the Owner and Operator of the SR99 
tunnel. WSDOT is also the Authority Having Jurisdiction (AHJ). WSDOT faced a number of challenges 
over the course of the project. In addition to the normal challenges of a $US2.1bn design-build project 
there were numerous more detailed issues relating to tunnel safety. 
 
Stakeholder Engagement 
As noted above, WSDOT was also the AHJ on the project. Despite being the approving authority, there 
was nevertheless a need for WSDOT to engage with other safety stakeholders with an interest in the 
project. The list of safety stakeholders included Seattle Police Department (SPD), Washington State 
Patrol (WSP), Seattle Public Utilities (SPU), Seattle City Light (SCL) and Seattle Fire Department (SFD), 
among others.  
 
Key among these was SFD, who as Fire Marshal were required to issue certificates for occupancy and use 
for the service buildings, which fell under the Seattle Building and Fire Codes, and who retained the right 
to reject any design, installation or testing and commissioning that they were not satisfied with. Thus SFD 
were one of the main fire safety partners on the project and were positively engaged in the project from 
the start. SFD attended all tunnel systems coordination and status meetings, as well as issue-specific 
meetings throughout the course of the project. SFD representatives attended and witnessed 
commissioning activities, and although not part of the suite of commissioning tests, cold smoke testing 
was carried out at the request of SFD who assisted and witnessed in this testing. In  the NOB and SOB 
they inspected and certified relevant systems and other building elements before they certified the 
buildings safe for occupancy and use. 
 
Departures from project requirements, e.g. departures from NFPA 502 and/or Seattle Fire Code, were co-
ordinated with SFD, leading to letters of concurrence for each departure. These concurrence letters were 
signed by both WSDOT and SFD to record the agreement to the changes. 
 
The duration of the project led to a specific interface issue with the various agencies. Just from contract 
award to opening took in excess of eight years. In that time there was significant staff turnover in all the 
organisations, which meant that stakeholder representatives changed, in some cases several times over the 
course of the project. For example, there were four different fire marshals at SFD over the duration. This 
required constructive engagement and a conscious effort from WSDOT to ensure new stakeholders were 
fully appraised of the project history in order to manage the changes without putting safety at risk. 
 
Test and Commissioning 
Test and commissioning was a Design-Builder responsibility. The process involves planning, executing 
and documenting a vast range of testing to provide assurance that the systems as installed satisfy the 
project requirements and will function as intended in event of emergency. The Design-Builder’s 
Commissioning Agent (CxA) was responsible for developing and managing this process. It involved 
hundreds of tests, ranging from factory testing of individual items of equipment and development of pre-
functional checklists (PFC) to functional performance testing (FPT) of each installed system to integrated 
functional performance testing (IFPT) to test the integrated performance of the tunnel systems. 
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WSDOT’s challenge was to maintain effective oversight of this complex process that was furthermore 
proceeding on an ever-changing schedule, due to the nature of systems commissioning on a very large 
tunnel project. Commissioning activities take place at the very end of the project schedule and frequently 
the time available for commissioning has been compressed by earlier delays in the project. Consequently, 
commissioning often takes place with short lead times and frequent short notice alterations in daily 
planning, so as to most efficiently get the project to completion. 
 
Oversight involved observing test activity, reviewing test reports and monitoring progress to completion, 
to develop confidence that the commissioned systems would satisfy project requirements once operations 
commenced. To perform these oversight duties WSDOT used a team of inspectors and subject matter 
experts who observed tests, inspected installed equipment and reviewed submittal documentation from 
the Design-Builder. This was a significant task, involving the review of large amounts of information in 
short time-scales, and challenged WSDOT’s ability to ensure sufficient review and oversight. 
 
In some cases, equipment and/or systems did not pass testing and in these cases, there was a need to 
understand the cause of the non-compliance and for WSDOT to understand the Design-Builder’s 
proposed remedy prior to acceptance of the remedy. 
 
Training 
A major concern for WSDOT was ensuring that its staff received correct and sufficient training in the 
operation of the systems that control this complex facility prior to the commencement of traffic 
operations. Part of the Design-Builder’s responsibilities was to develop training plans for WSDOT 
approval and to deliver agreed training to WSDOT staff. 
 
The training plans were submitted, commented on, revised and eventually agreed. WSDOT separately 
undertook a program of recruitment to ensure sufficient qualified staff would be available to operate the 
tunnel. All staff who would be responsible for tunnel operations were required to undergo the training 
program. 
 
The program included, in addition to the standard Operations and Maintenance (O+M) manuals, written 
guides and instructions, classroom training, tunnel walkthroughs to familiarise staff with the location, 
look and feel of the equipment, and practical sessions on a fully functional SCADA simulator. 
 
Substantial Completion is a major project milestone that, inter alia, occurs when the Owner agrees that 
the Design-Builder has ensured the facility “is ready to be opened for traffic and that remaining work can 
be completed within single lane or shoulder closures.” Once WSDOT granted Substantial Completion to 
the Design-Builder, control of the facility passed from the Design-Builder to WSDOT. From the date of 
granting Substantial Completion, WSDOT had a three month period prior to opening for traffic. During 
this period, WSDOT’s operators moved into the facility, completed their familiarisation with the systems, 
brought in their maintenance equipment, and carried out some final tests including cold smoke testing 
(Figure 11) of the tunnel ventilation system which was carried out at the request of SFD. 
 
Another important set of training undertaken during this period was provided by WSDOT to a large 
cohort of SFD firefighters. This training involved a briefing of the tunnel and its systems and 
walkthroughs of the tunnel and operations facilities to allow the firefighters some exposure to the tunnel 
and its operations. 
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Figure 11. Cold smoke testing. 
 
Initial Operations 
The start of operating new transportation infrastructure is a significant challenge and even after 
commissioning and training has been completed can still bring new issues to light. WSDOT had the 
advantage of experience of operating a number of other highway tunnels in the Seattle area. These include 
the Battery Street Tunnel (decommissioned in 2019 after SR99 Tunnel opening and the removal of the old 
SR99 Alaskan Way Viaduct) and two tunnels on the I-90 Freeway, the Mt Baker Ridge Tunnel and the 
Mercer Island Tunnel. However all of these tunnels are significantly older. The Battery Street Tunnel, the 
first tunnel in the USA equipped with a fixed fire-fighting system, was constructed in the 1950s, while the 
I-90 tunnels were built in the 1980s. Consequently there was little overlap in terms of the types of systems 
and the equipment utilised. Additionally, the SR99 Tunnel features a vertical alignment with the portals 
being the high points of the tunnel alignment and a low point at roughly mid-tunnel, whereas the older 
tunnels were roughly horizontal in alignment. 
 
In addition to various punch list items and warranty issues that arose over the course of the first few 
months of operations, there were other issues that arose. For example, soon after opening, some members 
of the public reported feeling nauseous and experiencing a smell while transiting the tunnel. Investigation 
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of the emissions sensor data revealed that all emissions readings were well within the required limits and 
that the tunnel ventilation system was also operating normally, so the root cause of the reports was not 
easily determined. Potential causes were postulated, such as (i) persons following directly behind vehicles 
with abnormally high levels of emissions as they transited the tunnel; (ii) atmospheric conditions causing 
a pooling of emissions at the low point, or (iii) persons who have a higher sensitivity to low levels of 
emissions. Analysis of traffic data was inconclusive as no clear correlation could be found between 
emissions conditions in the tunnel and the time of each complaint. While the number of complaints was 
small: 31 complaints as of June, 2019 out of 9 million vehicles that had passed through the tunnel, the 
complaints were nonetheless taken seriously and investigation is ongoing. Pending any clear and 
unambiguous cause for these instances, the setpoints for the tunnel ventilation system have been adjusted 
to activate the system at reduced emissions thresholds, which has reduced the rate of incidence 
significantly. 
 
The overall success of the tunnel is illustrated by observed traffic through the tunnel. The design traffic 
load was 55000 vehicles per day, but as of August, 2019, average daily traffic observed was 66000 
vehicles/day, including weekends, with a daily peak of 86000 vehicles/day. It is however possible that 
this will decrease somewhat when the tolling systems are activated in autumn, 2019. 
 
CONCLUSIONS 
As the largest diameter currently operational highway tunnel, the SR99 Tunnel is a complex facility that 
incorporates a suite of integrated systems that serve the overall safety concept for the tunnel. Bringing the 
project to completion and to successful, safe operations challenged all involved with the project, not least 
the Owner, WSDOT. Through the ten year duration of the project, WSDOT had to maintain an 
appropriate focus on the safety concept and to ensure that the completed facility satisfied the safety 
requirements for operations. The project was completed successfully by WSDOT and the Design-Builder 
and now has been operating safely since opening in early 2019.  
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ABSTRACT 
A common fire safety element of railway tunnels in the UK is the provisions for ventilation of heat, 
resulting from the normal operation of the railway and smoke in the event of a fire. Longitudinal 
ventilation systems located in ventilation shafts operate to maintain tenable evacuation and 
firefighting conditions under a design fire scenario. The default approach is to limit train throughput 
such that only a single train is present within any ventilation section (the length of tunnel between two 
ventilation shafts), to enable fully reversible smoke ventilation. Where train services are lower 
frequency or where the distances between stations are short, the single train condition may be 
achieved through ventilation shafts located at stations alone. However, where train services have high 
frequency and / or longer distances between stations, this restrictive ventilation strategy frequently 
requires the construction of intermediate ventilation shafts. In existing built up areas the construction 
of intermediate shafts can impact the viability of these projects. To evaluate the impact of removing 
this limitation by allowing multiple trains per ventilation section, a Quantitative Risk Assessment and 
Cost-Benefit Analysis has been undertaken for a large underground rail scheme in the UK. 
 
INTRODUCTION 
 
A key design element of underground railway systems in the UK is the provision of ventilation for 
heat and smoke to maintain tenable evacuation and firefighting conditions within tunnels in the event 
of a fire. The default approach is to limit train throughput such that only a single train is present 
within any ventilation section (the length of tunnel between two ventilation shafts), to enable fully 
reversible smoke ventilation. This strategy allows the ventilation of smoke in either direction along 
the tunnel, allowing tunnel occupants to escape in the direction opposite to the ventilated smoke. 
Firefighters can also approach the fire from the upstream side of the fire in tenable conditions. 
However, this ventilation strategy requires designers to either constrain the service specification, 
significantly reducing the operational capacity of the transit system, or shorten the length of 
ventilation sections by including intermediate ventilation shafts within the scheme. The inclusion of 
additional ventilation shafts can lead to environmental, programme, construction and cost risks which 
can impact the viability of schemes in existing built-up areas. 
 
To evaluate the effectiveness of intermediate ventilation shafts as a risk reduction measure, the risk 
differential between the permission of one train and two trains per ventilation section has been 
quantitatively assessed for an underground railway system within the UK. This paper presents a 
summary of this assessment and describes the implementation of risk acceptance principles in relation 
to this design decision. 
 
 
QUANTATATIVE RISK ASSESSMENT AND COST-BENEFIT ANALYSIS IN UK RAIL 
ENGINEERING 
 
The Common Safety Method (CSM) for risk evaluation and assessment [1] specifies the use of 
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Quantitative Risk Assessment as an acceptable technique for explicit risk estimation within EU 
member states. The Office for Road and Rail has endorsed explicit risk estimation as a method of 
evidencing an adequate level of safety where a proposed system deviates from codes of practice or 
reference systems [2]. Risk can be quantified in Fatality Weighted Injuries (FWIs) which encapsulates 
the risk of various degrees psychological and physical trauma. Where the individual risk to a member 
of the public from all hazards associated with the design of the system is assessed to be less than 10-7 
FWIs per annum, the risk is considered to be ‘broadly acceptable’ [3]. Should the quantified risk be 
greater than the ‘broadly acceptable’ threshold, the designer must demonstrate that risk is reduced to 
‘as low as is reasonably practicable’ (ALARP). 
 
The legislative framework and industry guidance informing the implementation of the ALARP 
principle in relation to risk exposure within tunnels in the UK is described by Deevy et al [4]. The 
principle is summarised as follows: 
 

‘if a risk is significant in relation to the sacrifice to avert it, the risk must be averted unless 
there is a gross disproportion between the costs and benefits of doing so.’ 

 
It is therefore incumbent upon designers to perform some assessment of both the costs and benefits in 
terms of time, money and trouble of viable risk reduction measures in the scheme design. A holistic 
evaluation of the risk reduction measures provided to the system is performed to determine the 
perceived points of failure and the adequacy of measures to eliminate or mitigate failure events. This 
may be achieved by qualitative means (i.e. by expert judgement), or by quantitative estimation of the 
comparative risk.  
 
Where the assessor cannot be satisfied that the sacrifice required to implement a risk reduction 
measure is proportional to its benefit by qualitative means, or as a confirmatory check on the ALARP 
assessment, an explicit cost-benefit analysis can be made. The HM Treasury published ‘Value of 
Preventing a Fatality’ can be used to allow comparison to be made through monetary value.  
 
 
EVACUATION AND FIRE SCENARIO 
The primary response for a fire on a train within a tunnel is for the train to continue to the next station, 
from which evacuation of passengers and intervention are much more rapidly achieved via station 
infrastructure. This is only prevented if the running capability of train is sufficiently degraded as to 
strand the train within the tunnel, thereby requiring occupants to evacuate from within the tunnel. To 
reduce the risk of this, modern rolling stock for use within the EU are designed to achieve the 
resilience requirements of EN 50553 and constructed of materials of favourable fire performance in 
accordance with the requirements of EN 45545. This includes the fire separation of the passenger 
saloon from train systems which protects the saloon from the effect of a systems fire and vice versa. 
Therefore, fires which result in stranding of a train within the tunnel are those which directly impact 
the train motive systems during the running period between two stations. 
 
A fire within the undercarriage of the train does not present an immediate risk to occupants of the 
passenger saloon because of the compartmentation provided. The compartmentation maintains a 
tenable evacuation route for all passengers to the upstream side of the fire beyond which the tunnel 
ventilation system maintains tenable conditions throughout the train and tunnel. 
 
With only one train within a ventilation section, there is the flexibility to operate the ventilation 
system in a direction which minimises the number of passengers who are initially downstream of the 
fire. In theory, the change of ventilation direction from the default (forwards in the direction of train 
travel) could occur at the train midpoint. However, the default ventilation direction will be selected 
unless there is clear information that the reverse will offer significantly better conditions for 
evacuation which may be only for a fire in the rearmost car if that. For this analysis it was 
conservatively assumed that the ventilation would be reversed for fires in the rear 1/3rd of carriages. 
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With two trains present in a ventilation section, the fire is assumed to occur on the front train since if 
the fire is on the rear train, the train in front can continue out of the ventilation section, leaving only 
the incident train within the ventilation section. With the fire on the front train, the ventilation system 
must be operated forwards to protect the non-incident train behind for all locations of fire on the 
incident train. A greater number of passengers may initially be on the downstream side of the fire, as 
shown in Figure 1, however, tenable escape routes exist for all passengers. 
 
 
METHODOLOGY 
The evaluation of the comparative risk between a fire in a one train per ventilation section (1TPVS) 
scenario and a two train per ventilation section (2TPVS) scenario is comprised of two components; 
frequency and consequence. The calculation of each component is presented for 1TPVS and 2TPVS 
scenarios. 
 
A 2.2km generic ventilation section was modelled to provide a scalable mathematical model which 
could typify the risk in each of the scheme-specific ventilation sections. The generation of this generic 
section model permitted parametric analysis of factors which contribute to the risk, allowing the 
parametric sensitivity of the scheme to be tested and informing the key risk contributors in both fire 
scenarios. 
 
Evaluation of frequency 
In order for an evacuation in a ventilation section containing more than one train to occur, a number 
of distinct events must occur. The leading train must experience a fire which results in the following 
consequential events, and occurs concurrently with the following coincident events:  
 
Consequential events: 

• The running capability of the train is disabled; 
• The fire is located at a position on the train which would normally under the 1TPVS require a 

change in the default ventilation direction; 
• The operators are presented with information of a sufficient quality to decide to change the 

direction of ventilation; and 
 

Coincident events: 
• multiple trains are present within the ventilation section at the time of the fire. 

 
The intersection of consequential events is calculated to determine the frequency of a 1TPVS fire 
scenario, whereas the intersection of all consequential and coincident events is calculated to determine 
the frequency of a 2TPVS fire scenario. 
 
The expectation frequency of these events was calculated using empirical data from London 
Underground [4–7]. 
 
Evaluation of consequence 
The quantification of consequence of a train fire in a tunnel is more difficult than the calculation of 
frequency, as there are few data available for the consequences of a train fire in a tunnel on modern 
rolling stock.  
 
Whilst tenable evacuation routes exist for all occupants in both train fire scenarios, occupants initially 
on the downstream side of the fire must take some action to reach a place of relative safety on the 
upstream side of the fire. Therefore, the consequence of either scenario was conservatively assessed 
from the number of passengers initially downstream of the fire relative to the direction of ventilation. 
In a 2TPVS scenario, the ventilation direction must remain forward regardless of the fire location, 
thereby increasing the number of people initially downstream of the fire (though still in a tenable 
environment). 
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The number of passengers impacted by smoke was conservatively estimated for fires at discrete 
locations on the train for both 1TPVS and 2TPVS scenarios, as indicated in Figure 1. A consequence 
distribution matrix was subsequently produced comprising the various FWI elements. The FWI 
expectation value was calculated to provide a single value for each scenario thereby permitting a 
calculation of the absolute risk, and comparison of the two operational modes. 
 
Figure 1 Comparison of passengers downstream of ventilated smoke in 1TPVS and 2TPVS 

scenario 

 
 
 
Evaluation and comparison of risk 
The expectation value of the societal risk was calculated by multiplying the calculated expectation 
values of the frequency and the consequence. No inflation exponent was applied to account for risks 
of societal concern. Individual risk was subsequently calculated by using a credible conservative case 
of individual travel requirements (two train journeys per weekday through the year). 
 
The individual and societal risk exposure for the 1TPVS and 2TPVS scenarios were mapped onto an 
RN -curve and assessed against the risk thresholds presented within HSE guidance [8] and project 
standards. 
 
RESULTS 
The absolute fire risk for an individual occupant of a generic 2.2km ventilation section was calculated 
to be approximately two orders of magnitude less than the ‘broadly acceptable’ threshold for both 
scenarios. The risk differential between a 1TPVS and 2TPVS scenario was calculated as 
approximately 60%, however, the change in ventilation strategy results in a marginal increase in 
absolute risk which is small in comparison to the threshold. The societal risk within the generic 
section was calculated to be within the ‘tolerable’ threshold for both scenarios, denoting that the 
design may withstand the risk if it is demonstrated to be reduced to ALARP. 
 
To determine if the risk reduction measures were reasonably practicable, an assessment of the rolling 
stock and tunnel fire safety provisions was undertaken and a cost-benefit analysis (encapsulating both 
tangible and intangible elements) was produced. The assessment demonstrated that all reasonably 
practicable fire safety provisions had been included in the rolling stock design. The cost-benefit 
analysis demonstrated that the cost associated with the provision of intermediate ventilation shafts 
within the proposed scheme incurred disproportionality factors in some instances in the range of 100s 
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– 1,000s. 
 
On the basis of these assessments the permission of two trains per ventilation section was considered 
to be ALARP. 
 
DISCUSSION 
Several conservatisms are included within this analysis. 

1. To allow risk estimation to be undertaken, it was conservatively assumed that some 
passengers initially downstream of the fire may eventually become impacted by smoke even 
though a tenable escape route to the upstream side of the fire is provided for all passengers. 

2. In operation, the 2/3rds/1/3rd split of forwards / rearwards ventilation direction is expected to 
be more heavily weighted in favour of ventilation in the forward direction, reducing the 
difference in risk between 1TPVS and 2TPVS. 

3. No account has been taken of stopping rearward train from entering the ventilation section., 
In operation, detection on the train interfaced with the signalling system should prevent the 
rear train from entering the ventilation section after a fire has been detected, reducing the 
likelihood of 2TPVS occurring. 

4. All trains are assumed to be crush-loaded at all times. 
 
Whilst the results of this assessment are not directly generalisable, they demonstrate that, within 
complex underground railway schemes with challenging service specifications, the implementation of 
a restrictive ventilation strategy may produce a marginal reduction in absolute system risk at the cost 
of major infrastructural investment. Therefore, the impact of limiting ventilation sections such that 
they may only serve a single train should be assessed during the concept design of such systems. 
 
It is recognised that intermediate shafts may provide other safety arrangements, including those 
related to fire safety (such as intervention, as discussed in ‘Optimising tunnel design by using 
physiological impact on firefighters as a metric’ [9]). These considerations should be assessed 
holistically on a scheme-wide basis when adopting a risk-based design approach as set out here. 
 
IMPACT 
Based upon the submission of this work, and subsequent integration to project-wide risk modelling, 
the scheme has removed the need for seven of the intermediate shafts, removing the need to acquire 
sites, and demolish existing buildings before building a shaft / headhouse which is generally 
undesirable to local residents and businesses and which generally means that the area does not benefit 
from a new station. Deletion of the shafts removes planning and operational programme constraints, 
reduces public consultation, planning and environmental risks for the project and will reduce project 
capital expenditure. The outcome of this assessment has substantially contributed to the overall 
viability of the scheme. 
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ABSTRACT 
Minimum operating requirements link increased risk in the aftermath of a disruptive event with its 
potential consequences on the availability of tunnels to road users. With the objective of increasing a 
tunnel’s capacity during the recovery process and reducing time until return to baseline functionality, 
they can contribute to improving the resilience of road tunnels to both familiar and emerging threats. 
We introduce a risk-based approach for assessing the influence of damages on road tunnels and 
identifying suitable measures to minimize the adverse impact on traffic conditions. Minimum 
operating requirements, including temporary measures, under which a tunnel can still be operated are 
to be defined using qualitative and quantitative assessment methods. Their benefit lies in providing a 
basis for action for tunnel operators in the wake of disruptive events and harmonizing the recovery 
process with regard to both risk and availability. Key challenges include the alignment of underlying 
safety levels and the need for implementation by tunnel operators as well as adaptation with regards to 
their respective resources and restraints. 
 
KEYWORD: minimum operating requirements, road tunnels, safety, security, availability, 
qualitative and quantitative risk assessment, resilience 
 
INTRODUCTION 
 
The German federal road network incorporates around 270 tunnels which, in their fundamental 
capacity as connective links, provide a basis for individual mobility, the supply of private households, 
and the economy. The closure of any of these tunnels and the disruption of the respective road link 
can entail significant economic losses as well as detrimental consequences for local and regional 
traffic conditions. Aging infrastructure, increasing traffic, extreme events and climate change pose 
challenges to owners and operators of transport infrastructure. The research project ‘RITUN’ aims to 
improve the resilience of road tunnels to both familiar and emerging threats by assessing the effect of 
potential damage scenarios on safety levels and traffic operation as well as identify suitable measures 
to minimize their adverse impact on traffic conditions. The project is funded by the Federal Ministry 
of Education and Research (BMBF) as part of the "Research for Civil Security 2012 to 2017" 
framework programme of the German Federal Government. 
 
Resilience describes a system’s ability to take into account, prepare for, repel, recover from and adapt 
ever more successfully to actual or potentially disruptive events [1]. These events are emergencies and 
disasters that affect the availability of road tunnels and are considered extraordinary in the way that 
their intensity goes beyond what is currently considered as a basis for assessment in the design of road 
tunnels. The resilience cycle in Figure 1 outlines how resilience can be improved in a holistic and 
iterative approach. Around the core principle ‘prepare’, it places the four resilience phases ‘prevent’, 
‘protect’, ‘respond’ and ‘recover’ in chronological order. An effective resilience management concept 
can contribute to the resilience of tunnels by reducing the extent of loss of functionality and/or by 
speeding up the recovery process and therefore the return to (at least) normal operation. Furthermore, 
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resilience can be improved by preventing disruptive events, i.e. by reducing their probability of 
occurrence [2]. 
 

 
Figure 1: Resilience cycle, in reference to [1]. 
 
On this basis, the research project will for the first time develop a methodology to evaluate the 
resilience of road tunnels and identify ways of mitigating the effects of disruptive events on the traffic 
performance of road tunnels while maintaining at least a tolerable safety level during respond and 
recovery phases, whereby increasing their overall resilience. The results, which are developed by the 
Partners Federal Highway Research Institute (BASt) and ILF Consulting Engineers with the support 
of the highway authority of southern Bavaria, will be presented to owners and operators of road 
tunnels in the form of a practice-oriented manual. The benefit for end users lies in the extension of the 
common integral safety assessment to the resilience of road tunnels to enable an accelerated return to 
normal operation and the associated reduction of macroeconomic costs after an event.  
 
In this paper, we present an approach for defining minimum operating requirements for road tunnels 
in Germany. We establish the need for minimum operating requirements, their contribution to 
improving resilience and discuss major challenges that arise in their development. A review of 
European approaches is performed to identify common practice with regards to minimum operating 
requirements in Europe, thus informing the development of a framework. An analysis of relevant 
damage scenarios as well as tunnel and traffic characteristics representative for road tunnels in 
Germany provide the basis for the execution of the framework. We apply qualitative and quantitative 
methods to assess the risk arising from damages to tunnel infrastructure.  
 
CHALLENGES RELATING TO MINIMUM OPERATING REQUIREMENTS 
 
Road tunnels in Germany are designed and operated in accordance with international and national 
guidelines and regulations, e.g. [3], [4] and [5]. Most of the required activities, e.g. risk assessments, 
aim to prevent incidents (‘prevent’) as well as protect the tunnel and its users in the case of an event 
(‘protect’). In contrast, few guidelines are concerned with how to react appropriately (‘respond’) in 
the case of an event and with how to recover full functionality or adapt in order to be better prepared 
for future disruptions (‘recover’). Interviews conducted with tunnel management personnel have 
revealed that the tools available to the tunnel operator as a basis of decision making in the aftermath 
of a disruptive event are limited. Instructions for incident management must be developed for a 
number of predefined events by the operator for each tunnel and are contained in the emergency 
response plans. However, previous research efforts have concluded that the structure and content of 
these plans vary for different federal states and that the document can in part be too extensive and 
detailed for a straightforward application in actual emergencies [6]. The aspect of availability, 
supported by a swift recommissioning of traffic in tunnels after an event – with due regard to safety 
concerns –, is not explicitly considered in existing recommendations regarding the recovery of tunnel 
operation.  
 

prepare
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Increasing the overall availability of road tunnels, as is the aim of the RITUN project, can only be 
achieved by complying with minimum requirements of personal safety. The so-called minimum 
operating requirements define conditions, including temporary measures, under which a tunnel can 
still be regarded as safe to operate in the aftermath of a disruptive event. One of the challenges in the 
development of minimum operating requirements relates to the variation in risk levels resulting from 
national guidelines which provide the basis for any assessment of personal safety in road tunnels. The 
“Guidelines for the Equipment and Operation of Road Tunnels” (RABT) [4] state requirements that 
need to be considered in the design and construction of tunnels as well as in the monitoring and 
operation of road tunnels. However, these requirements vary for tunnels of increasing length and 
different traffic criteria and consequently translate into a variety of risk levels.  
 
Because of their compliance with national guidelines, we assume the resulting risk levels to be 
equivalent to the publicly accepted risk that denotes the minimum safety level for the respective 
tunnel, i.e. a reference tunnel, in normal operation. This assumption is illustrated in Figure 2. It is 
directly linked to the risk reducing measures that must be implemented by the tunnel operators in 
certain damage scenarios (and the costs thereof) as well as the count of personal injuries (and the costs 
thereof) deemed acceptable for road tunnels in Germany. The figure introduces a second threshold, 
that represents the upper bound of a region of increased risk that can be tolerated temporarily 
(tolerance range) and the lower bound of a region of unacceptable risk (intervention range) above 
which risk reducing measures are necessary in order to maintain a maximum degree of operability 
(intervention range). Extending the current understanding of risk in the German guidelines to the 
widely adopted Tolerability of Risk model [7] is a fundamental change we aim to promote. 
 

 
Figure 2: Thresholds of minimum safety level and minimum operating requirement dividing the risk 

axes into three ranges. 
 
Another challenge lies in the transferability of the results of the application, i.e. the minimum 
operating requirements, to real road tunnels. The development of minimum operating requirements 
depends on detailed knowledge of a tunnel’s specific dimensions, structural characteristics, safety 
equipment and any risk increasing features. Consequently, it will be necessary to adapt the underlying 
assumptions of the reference tunnel, incorporating tunnel-specific knowledge of the tunnel owner and 
operator. Furthermore, any measures recommended here for mitigating potential risk increase must be 
adapted to the resources available to the respective operator. An individual assessment of each tunnel 
is therefore imperative. 
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EUROPEAN APPROACHES TO MINIMUM OPERATING REQUIREMENTS 
 
As of today, no recommendations exist regarding the development of minimum operating conditions 
for road tunnels in Germany which indicate safety equipment that can be temporarily out of service, 
while at the same time traffic operation of the tunnel is still justifiable with regard to levels of 
personal safety. In other European countries, approaches to minimum operating conditions exist 
already. Table 1 compares the French, Swiss, Austrian and Luxembourgian approaches based on a 
review of available literature and insights gained in interviews with tunnel experts. 
 
Table 1: Comparison of European approaches to minimum operating requirements (MOR). 

Country France Switzerland Austria Luxemburg 

Sources [8][9]  [10][11]  [12][13]  [14] 

Institution Centre d’Études des 
Tunnels (CETU) 

Swiss Federal Roads 
Office (ASTRA) 

Austrian Research 
Association for Roads, 
Railways and Transport 
(FSV) 

Administration des ponts 
et chaussées 

Concept Quantify intolerable 
deviations from normal 
operation, i.e. the 
minimum availability of 
a system needed to 
perform the system 
function or relevant 
safety functions in a 
tunnel segment. 

Define tolerable 
deviations from normal 
operation and safety 
functions that need to be 
fulfilled by each 
equipment group. 

State the compliance 
with MOR for a list of 
predefined damage 
scenarios. 

Quantify intolerable 
deviations from normal 
operation, i.e. the 
minimum availability of 
a system needed to 
perform the system 
function or relevant 
safety functions in a 
tunnel segment. 

Method applied 
in development 
/ assessment of 
MOR 

Not specified Not specified Not specified Development based on 
expert judgement 
(informed by studies on 
equipment performance, 
e.g. ventilation study) 

Scope of 
application 

Tunnel equipment and 
human resources 

Tunnel structures and 
equipment that perform 
safety relevant functions 

Tunnel structures and 
equipment 

Electrotechnical tunnel 
equipment  

Relevant 
damage 
scenarios 

Scenarios that affect a 
single type of equipment 
(system based) or the 
ability to perform a 
safety function (function 
based) 

Every scenario not 
previously defined as a 
permissible deviation. 

Scenarios that affect a 
single type of equipment 
(system based)  

Scenarios that affect a 
single type of equipment 
(system based) or the 
ability to perform a 
safety function (function 
based) 

Formal 
structure 

Data sheet for each 
system or safety function  

List of all permissible 
deviations 

List of all damage 
scenarios and their 
consequences 

Data sheet for each 
system or safety function 

Safety level Minimum availability 
and the minimum 
performance level of 
safety equipment and 
personnel (compared to 
nominal operation) 
below which the tunnel 
must be closed to traffic 
within a defined time 
period. 

If a malfunction or 
damage cannot be 
repaired within the 
specified time period, 
operation under 
minimum requirements 
will result. Likewise, an 
operation under 
minimum requirements 
must be set up for 
specified combinations 
of damages. 

If the minimum 
operating requirement is 
not fulfilled, an 
immediate closure of the 
tunnel system must be 
arranged until 
appropriate replacement 
measures are in place. 

Minimum availability 
and the minimum 
performance level of 
safety equipment and 
personnel (compared to 
nominal operation) 
below which the tunnel 
must be closed to traffic 
within a defined time 
period. 

Further aspects 
considered in 
relation with 
MOR 

- Equipment type 
- Mode of failure / 

malfunction 
- Time limit for the 

maximum acceptable 
duration of condition 

- Mitigation measures 
- Maintenance activities 

Tolerable deviations are 
defined by: 
- Equipment type 
- Mode of failure / 

malfunction 
- Time limit for the 

deviation from 
nominal operation 

- Equipment type 
- Mode of failure / 

malfunction 
- Urgency of the 

damage, with 
mitigation measures 
and response times for 
their implementation 

- Equipment type 
- Mode of failure / 

malfunction 
- Time limit for the 

maximum acceptable 
duration of condition 

- Mitigation measures 
- Maintenance activities 
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Country France Switzerland Austria Luxemburg 

Types of risk 
mitigation 
measures 

Additional equipment, 
human resources or 
limiting traffic operation 

Immediate measures, 
functional replacement 
measures (which can at 
least partially assume the 
impaired function), and 
risk reducing measures 

Immediate measures as 
well as technical, 
organisational and 
traffic-related measures 

Additional equipment, 
human resources or 
limiting traffic operation 

Additional 
information 

Simultaneity of 
malfunctions /failures are 
considered in the 
function-based MOR 

Simultaneity of 
malfunctions / failures 
always result in tunnel 
operation under MOR 

No Simultaneity of 
damages considered in 
the assessment. 

Simultaneity of 
malfunctions are 
considered via function-
based MOR 

 
The French and Luxembourgian approaches largely overlap. However, in Luxembourg minimum 
operating requirements are developed for electrotechnical equipment only. Since the state of this 
equipment can be monitored from the control centre, non-compliance with minimum operating 
requirements directly and automatedly informs traffic management whenever a malfunction of 
equipment is registered. The large number of possible malfunction and damage combinations in a 
tunnel is managed by the Swiss Federal Roads Office (ASTRA) by defining permissible deviations 
from normal tunnel operation, i.e. failures of individual safety equipment (and components) during 
which traffic operation may be maintained without restrictions. In contrast, the Austrian approach 
attempts to cover all possible damages in an extensive list which is subsequently evaluated regarding 
compliance with minimum operating requirements. 
 
None of the approaches prescribes a specific method for defining and evaluating compliance with 
minimum operating requirements. The documents specify that in each case the approach has to be 
adopted and implemented for each individual tunnel by the respective tunnel operator. Therefore, it is 
likely that the evaluation is based on their extensive experience, i.e. expert judgement, and is informed 
by studies of equipment performance that were carried out during the design of the respective tunnel. 
This was confirmed to be the method applied in Luxembourg by the Administration des ponts et 
chaussées [14]. In each case, the objective is to provide the tunnel operator with the necessary tools to 
assess the situation following an incident or malfunction and to define and implement meaningful 
measures to maintain operation of a tunnel. In doing so, the operator is advised to adopt a holistic 
approach, taking into account the hazard potential on possible diversion routes, the duration of 
operation under minimum requirements and their ability to maintain the specified mitigation measures 
over time. Overall, the different approaches to minimum operating requirements show that the 
practical discourse goes beyond what is required according to European regulations [3] in order to 
react appropriately to temporary changes in the level of personal safety in road tunnels and maintain 
(at least partial) availability. 
 
THREATS AND DAMAGE SCENARIOS 
 
A threat is a potential danger that can lead to actual damages and, as a result, affect the safety and / or 
availability of tunnels. Following the All-Hazard approach [15][16][17], all relevant threats to road 
tunnels were identified as the basis for further investigations. The approach serves to identify a broad 
spectrum of relevant threats (e.g. terrorist attacks, major accidents or natural disasters) in order to 
develop appropriate countermeasures. Threats are grouped into natural, intentional and unintentional 
man-made hazards, and other hazards. Furthermore, they are categorized by their respective point of 
impact (i.e. tunnel structure, tunnel equipment, road segment and/or centralized tunnel systems). We 
are especially interested in threats that are not covered by routine measures in existing regulations. 
Many of the identified threats are characterized by a low frequency of occurrence. This entails that 
there is no statistical basis for a systematic evaluation of the relationships between the various threats 
and the location or extent of the resulting damages. Especially for emerging threats, e.g. cyber or 
physical attack, it is not possible to foresee a combination of damages likely to occur. For this reason, 
the possible effects of a disruptive event on the components of road tunnels are mapped qualitatively 
in the form of a hazard-damage matrix, which links threats to components that can be damaged in the 
respective event. The matrix implies that individual threats can trigger multiple damage scenarios, 
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respectively different threats can result in the same damages. Therefore, the damage scenarios are 
examined and evaluated with regard to their risk-increasing effect, irrespective of their cause. 
 
The identification of relevant damage scenarios in light of possible threats was carried out in 
consultation with experts of tunnel planning, safety and operation. In an approach similar to the one 
adopted in the Austrian guidelines, a total of 99 individual damage scenarios were identified taking 
into account components of tunnel structure and equipment. Damage scenarios are grouped according 
to their point of impact into structural, obstructive and equipment damage scenarios. The structural 
scenarios describe damage to the tunnel structure itself caused by static, dynamic or thermal loads. 
Obstructions of the tunnel width without occurrence of damages, e.g. due to rockfall, snow drift or 
flooding, are attributed to the obstructive damage scenarios and result in restricted or interrupted 
traffic flow. Equipment damage scenarios combine both the physical damage and technical 
malfunction of tunnel equipment. In each category different components of functional systems can be 
affected by different levels of partial or complete malfunction (failure modes). An extract of the list of 
damage scenarios, i.e. damages to lighting systems, is displayed in Table 2. 
 
Table 2: Extract from the complete list of damage scenarios for damages to lighting systems. 

Category Functional system Component Failure mode Scenario No. 

Equipment Lighting system 

Interior zone lighting 

Malfunction of single lamp 21 

Partial malfunction 22 

Total failure 23 

Entrance zone lighting 

Malfunction of single lamp 24 

Partial malfunction 25 

Total failure 26 

Lighting in escape routes 
Malfunction in single escape route 27 

Malfunction in all escape routes 28 

 
The occurrence of damage scenarios can have direct effects on traffic operations in tunnels and/or 
lead to a reduction in the safety level (compared to the minimum safety level specified by the RABT). 
In order to compensate for this, it may be necessary to adjust the traffic in the tunnel to the changed 
risk or to close the tunnel completely to traffic for safety reasons. 
 
STATISTIC ANALYSIS OF ROAD TUNNELS IN GERMANY 
 
In order to facilitate applicability of the methodology and resulting minimum operating requirements 
to a broad range of existing tunnels, an extensive statistical analysis of road tunnels in the German 
federal road network and their characteristics was performed. A large variation in design solutions and 
characteristics can be observed in the data. Therefore, standardized tunnel types were derived for uni-
and bi-directional traffic that best represent the characteristics of road tunnels in Germany. The 
identified tunnel types differ in prevalence, construction type, tunnel length, cross section and safety 
equipment. In addition, a traffic study was performed in order to investigate average and peak loads 
for car and HGV traffic. The set of standardized tunnel types and traffic loads serve as input into the 
quantitative analysis of risk emerging from different damage scenarios. The risk assessment is 
performed based on a generic reference tunnel, i.e. any tunnel that is equipped exactly according to 
RABT requirements.  
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METHODOLOGY 
 
Minimum operating requirements link the damages after a disruptive event with its potential impact 
on traffic operation in tunnels (and therefore economic impact). They can be a useful tool for 
operators to argue different levels of traffic restriction (or indeed the lack thereof) in the wake of 
disruptive events and harmonize the handling of such incidents with regard to risk and availability. 
From the discussions with tunnel operators it has emerged that the recommendations in the German 
guidelines for the incident management are provided on an event-related basis and not based on a 
specific safety level to be maintained. Figure 3 distinguishes the scope of application of the minimum 
operating conditions from the scope of existing guidelines. The minimum operating requirements 
themselves represent a resilience measure, which can potentially increase traffic capacity during the 
recovery process and shorten the time until the return to normal operation by creating a basis for 
action for the tunnel operator.  
 

 
Figure 3: Scope of application for minimum operating requirements and existing guidelines and 

recommendations (own figure, referring to [4] and [18]). 
 
The activities required in the existing guidelines serve to limit safety risks with regard to bodily harm, 
which is a prerequisite for the definition of minimum operating requirements. In a reference tunnel 
damages to equipment can result in undercutting of the prescribed minimum safety level. On the basis 
of risk analyses, it can be comprehensibly assessed whether specified risk criteria are met, possibly 
with the aid of compensation measures. In Germany, risk assessments are so far required primarily in 
the course of planning of construction measures or the transport of dangerous goods. Minimum 
operating requirements for road tunnels are derived by performing qualitative and quantitative risk 
assessments for a variety of damage scenarios. Some damage scenarios (in particular structural 
damages) have a high relevance for user safety or have immediate operational consequences and are 
therefore directly linked to restricted traffic operation. Other damage scenarios (in particular 
equipment related damages) are evaluated regarding their effects on personal safety and operational 
implications.  
 
For this purpose, the approach illustrated in Figure 4 presents a framework for evaluating damage 
scenarios. It involves, firstly, an analysis of the potential of a damage scenario to lead to an 
exceedance of tolerated risk levels and, secondly, assessing the resources and measures available to 
the operator to suitably compensate for any potential increase in risk. Consequences regarding the 
traffic operation and the urgency of repair works differ depending on the results of the risk 
assessment. The framework is developed in accordance with the Principles of the Common Safety 
Method [19], which describes a common and mandatory approach to risk management in the EU for 
railway transport without prescribing any specific methods or tools to be used. 
 

recoverprevent respond prevent

resilience phases

protect

   emergency response  normal operation situation assessment / 
temporary operation

repair / 
temporary operation   normal operation

operating phases

RABT1 RABT
AGAP2

minimum operating 
requirements

minimum operating 
requirements
RSA3

RABT

guidelines and recommendations

1Guideline for road tunnel equipment and operation 3Guideline for the works involved in safeguarding roadworks
2Emergency response plans

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

271



 
Figure 4: Framework for the development of minimum operating requirements for damaged tunnel 

equipment. 
 
Evaluation of potential risk increase 
Safety can be described as the absence of unacceptable adverse consequences [20]. Therefore, if any 
individual damage scenario has no negative impact on the safety of people inside a tunnel that 
scenario shall be classified as not relevant. It follows that the tunnel can be operated without 
restrictions and any damages can be repaired during the next scheduled maintenance. Relevant 
damage scenarios lead to an increase in risk and, in theory, to the minimum safety level being 
exceeded (as illustrated in Figure 2). For some scenarios, risk increases significantly, i.e. it exceeds 
the range of tolerable risk. The risk increase is triggered either by increased probability or increased 
severity of events that threaten users and personnel inside a tunnel. A damage scenario’s significance 
is evaluated, exclusively for safety relevant damage scenarios, using qualitative and quantitative 
methods. 
 
The qualitative assessment involved desk-based research and analysis as well as a technical 
workshop. The workshop was conducted with specialists in the field of infrastructure safety and 
security, during which the findings from interviews with selected stakeholders were discussed and 
considered in the evaluation of individual damage scenarios. The decision-making process was 
informed by (1) the priority of the damages, (2) the risk-increasing effects of a scenario, and (3) the 
aversion of tunnel operators towards a potential increase in the severity of future damages. The 
priority provides an indication of the frequency with which safety of tunnel users is impacted after a 
damage scenario occurred. Some damages have an immediate effect on tunnel users (e.g. failure of 
lighting), while others become apparent to the user only if an additional incident occurs (e.g. failure of 
emergency call site). The priority does not necessarily coincide with the urgency of the repair; 
however, it is helpful in assessing the extent of the risk-increasing effects linked to a scenario. The 
overall risk to personal safety in a tunnel is the sum of several risk components. The greatest 
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contributions come from collision risk and fire risk; other risk component, such as from accidents 
involving dangerous good or structural failures, are small and are therefore neglected in both the 
qualitative and quantitative assessment. The effects of a damage scenario on each of the risk 
components is identified and described referring to common factors. An example of the method is 
illustrated in Table 3. Knowing about the ratio of their contribution to the overall risk, makes it 
possible to draw conclusions on the effect of individual damage scenarios on the overall risk. An 
analysis of the composition of overall risk for the different standardized tunnel types was performed 
as part of the quantitative assessment. An additional factor in the overall impact of a damage scenario 
is the exposure of people in the tunnel to the risk increasing factors. Partial malfunction can, 
depending on the systems structure and the length of the tunnel, affect a significantly smaller number 
of tunnel users than a total failure of the same system.  
 
Table 3: Example of factors whose impairment after a damage scenario adversely influences the 

probability and severity any of the two risk components, collision risk and fire risk. 

Damage scenario 
Impact on probability Impact on severity 

Collision Fire Collision Fire 
Fire main – total failure - - - hazard control 
Interior zone lighting – total failure visibility - - incident 

detection, 
evacuation speed 

 
The evaluation of potential increase in risk must take into account the aversion of tunnel owners and 
operators to events with large severity of personal injuries or fatalities. Aversion states that as 
individuals or society we are often less accepting of rare evets in connection with possibly large 
losses, e.g. big tunnel fires, than more frequent events with lower losses, e.g. accidents. While the risk 
might be the same, the former are weighted more heavily, as they can not only lead to personal injury 
but can for example also result in loss of reputation due to negative reporting.  
 
For some of the damage scenarios it was not possible to derive general conclusions within the frame 
of a qualitative risk assessment. Also, the comparison of European approaches to minimum operating 
requirements showed a lack of instructions on damage scenarios concerning the ventilation system. 
That is why for a set of standardized tunnel types a quantitative risk assessment was performed using 
the system-based quantitative risk analysis tool TuRisMo [21]. TuRisMo combines a set of different 
methodical elements to analyse the whole tunnel system in an integrated approach. By combining a 
quantitative frequency analysis and a quantitative consequence analysis the expected value of the 
societal risk in a tunnel can be calculated. In this particular case, the overall risk for a tunnel with a 
fully functioning safety system (e.g. ventilation system) defines the minimum level of safety. Using 
the example of a longitudinal ventilation system, damage scenarios refer to a breakdown of individual 
jet fans up to the entire ventilation system. This procedure was executed for many different 
standardized model tunnels with varying tunnel parameters for various damage scenarios. As a result, 
for different tunnel types conclusions can be drawn on the significance of tunnel parameters on the 
risk increasing effect of the respective damage scenario. Some parameters showed significant 
influence on the risk when applying damage scenarios (e.g. tunnel gradient), where others did not 
(e.g. tunnel length, traffic volume).  
 
Damage scenarios that, taking into consideration the results of qualitative and quantitative assessment 
methods, are classified as not safety significant can be tolerated temporarily. The damages must 
however be repaired as soon as possible, often during an unscheduled maintenance. Safety 
significance implies a risk level in the intervention range and must therefore be compensated by risk 
mitigation measures if the tunnel is to remain open for traffic operation. 
 
Evaluation of potential risk mitigation measures 
We distinguish two types of risk mitigation measures: functional compensation and supplementary 
compensation, the effects of which on a tunnel’s risk level are illustrated in Figure 5. The former 
implies that the (partial) loss of functionality of a component can be compensated by remaining 
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redundancies in the components themselves or by other systems which work to fulfil the same safety 
function. The figure shows that the effect of compensation is thereby limited to the original safety 
level. An improvement cannot be achieved, since functional compensation relies on technical 
equipment already installed in the respective tunnel. As a result of complete functional compensation, 
the risk conforms with minimum safety levels and the tunnel can temporarily be operated in standard 
operation. 
 

 
Figure 5: Mitigation of risk exceeding the minimum safety level by means of functional and 

supplementary compensation measures. 
 
If no sufficient reduction can be achieved by means of functional compensation, residual risk increase 
must be compensated by additional safety measures. These can consist of organisational or traffic-
related measures or combinations thereof. In contrast, supplementary compensation measures can act 
to improve safety functions other than the one compromised in a damage scenario. Figure 5 illustrates 
how these can be implemented to achieve an overall risk level that falls into the acceptable range. 
From a risk perspective the tunnel can be operated in that way indefinitely or until additional damages 
occur that require a revaluation of the current condition. Because any traffic-related measures can 
significantly impact the capacity (and therefore availability) of a tunnel, urgent repair of the damages 
are of high priority with regards to a tunnel’s availability. Supplementary compensation measures are 
evaluated qualitatively and quantitatively. Table 4 shows a variety of organisational and traffic-related 
measures that can be applied as well as their positive impact on the different risk components. 
 
Table 4: Mitigating effects of supplementary compensation measures. 

Supplementary compensation measures Impact on probability Impact on severity 
Collision Fire Collision Fire 

Organisational Fire brigade stationed at the tunnel portal    x 
Continuous drive-throughs for inspection    x 

Traffic-related Speed limit reduction x  x  
Section control x  x  
Ban on HGV    x 
Ban on DGV    x 
Ban on passenger vehicles x   x 

 
For most of the above-mentioned supplementary compensation measures it was possible to show the 
risk-mitigating effect in a quantitative manner. Figure 6 shows the results of the evaluation of 
measures exemplarily for one standardized model tunnel, namely ‘31t_1200m_LV_R_HT’. The 
figure illustrates that some measures act to reduce the different risk components, namely collision 
risk, fire risk or both risk components. However, from the quantitative risk assessment the tunnel 
gradient has emerged as a crucial parameter in the study of damage scenarios concerning the 
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ventilation system. Therefore, the figure illustrates the effects by comparing the results for a tunnel 
with horizontal inclination as well as with 3% decent. The results show, that for the tunnel with no 
inclination almost all risk-mitigation measures (except ‘local fire brigade’) are individually able to 
reduce the increased risk due to the total ventilation breakdown below the minimum safety level, thus 
are suitable. On the contrary, the tunnel with -3% inclination leads to completely different results, as 
no single measure can reduce the risk to an acceptable level.  
 

 
Figure 6: Results of the evaluation of risk-mitigation measures using the example of model tunnel 

‘31t_1200m_LV_R_HT’ with horizontal inclination (0%) and 3% decent. 
 
A minimum operating requirement for a damage scenario comprises the evaluation regarding safety 
relevance and significance as well as recommended compensation measures that ideally can help 
reduce the risk to an acceptable level while retaining as much of the tunnel’s original capacity as 
possible. An extract from the minimum operating requirements for reference tunnels developed in the 
technical workshop are given in Table 5. 
 
Table 5: Minimum operating requirements for selected damage scenarios in a reference tunnel. 

# Damage scenario Safety 
relevant? 

Safety sig-
nificant? 

Functional 
compensation 

Safety-relevant 
compensation Traffic operation 

17 Drainage – complete 
failure 

yes yes Video monitoring 
(partial 
compensation) 

Increased video 
surveillance of tunnel 
portals and lowest 
tunnel points 
(organisational) and 
ban on DGV traffic 
(traffic-related) 

Degraded traffic 
operation 

18 Energy supply – medium 
voltage connection – 
complete failure 

yes yes Backup power 
supply (partial 
compensation for up 
to 1 h) 

Speed limit reduction 
(traffic-related) 

For 1 h: degraded 
traffic operation 
After 1 h: full 
closure 

19 Energy supply – low 
voltage sub distribution – 
complete failure 

yes yes - Hazard warning 
(organisational) and 
speed limit reduction 
(traffic-related)  

Degraded traffic 
operation 

40 Communication – 
emergency call facility – 
malfunction of single unit 

yes no - - Preliminary 
standard operation 

41 Communication – 
emergency call facility – 
complete failure 

yes yes Video monitoring 
and speaker system 
(partial 

Increased video 
surveillance 
(organisational) 

Preliminary 
standard operation 
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compensation) 
OUTLOOK AND FURTHER RESEARCH 
 
With the approach presented in this paper, owners and operators of road tunnel shall be supported in 
extending the integral safety assessment to the resilience of road tunnels. However, minimum 
operating requirements represent just one tool in improving resilience against familiar and emerging 
threats. Additional technological, organisational and traffic-related measures should be considered. To 
this end, resilience measures will be identified, and their effectiveness assessed in the light of the 
possible threats and with regard to availability, i.e. the reduction in impact on traffic conditions, on 
the basis of the predefined tunnel types. With the aim of developing an integral approach, resilience 
measures need to be addressed for each phase of the resilience cycle. 
 
Discussions with various tunnel operators showed that in particular the development of measures to 
maintain or increase a defined traffic flow immediately after an event, but also during repair until the 
complete reopening of road tunnels would be sensible. This could, for example, be achieved by 
operating a tube of a uni-directional in bi-directional, if one tube is no longer available after a 
disruptive event. To allow for this mode of operation, safety equipment in the uni-directional traffic 
tunnels needs to be designed in accordance with advanced requirements, which is not generally 
available across Germany. Technological measures include for example innovative systems like 
AKUT (Acoustic Tunnel Monitoring) [22] or automatic fire fighting systems. Equipping or 
retrofitting of tunnels with this additional equipment is not done frequently, since the benefits are 
often perceived as minor compared to the size of the investment. To evaluate the proportionality of 
resilience measures, the impacts of degraded operating modes on local and regional traffic conditions 
must be investigated and quantified. The economic consequences of traffic restriction can thus be 
offset against the costs and benefits of additional resilience measures. 
 
Over the course of the RITUN project, a manual is to be developed which shows how to swiftly 
achieve partial availability after a disruptive event, before recovering to original traffic operation. To 
this end, resilience measures are identified and evaluated. The handbook will promote owners and 
operators to not only consider safety aspects for tunnel users and structures, but also the availability of 
infrastructure when planning, equipping and operating tunnels. In order to demonstrate the 
applicability of our work, the evaluation tool and specific resilience measures will be tested under 
real-life conditions using a demonstrator tunnel in southern Germany.  
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ABSTRACT 
With the introduction of the Eurocodes, in particular the Eurocode on Accidental Actions EN1991-1-7 
[1,2,3], countries are obliged to take into account explosion loads in the design of their road tunnels. 
The informatively given values of explosion loads in the Eurocode, however, seem to be not 
representative for accident scenarios resulting from the transport of dangerous goods. Furthermore, 
Annex D of the Eurocode is limited to gas explosions only, while for example also BLEVES may 
occur. Therefore, in Explosions in road tunnels, Part 1: A study into the explosion scenarios [4], the 
explosion loads in the Eurocode have been studied in further detail, in particular to identify those 
scenarios (in terms of instantaneous and continuous release of liquified gas amounts) that may lead to 
the specific explosion loads as mentioned in the Eurocode. From this research has been concluded that 
1) the loads as mentioned in the Eurocode are not representative for the total spectrum of explosion 
loads and 2) based on the Eurocode it is not possible to design tunnels satisfactory for explosion 
loads. 
 
To be able to design tunnels for explosions, it is necessary to have an understanding of all the possible 
explosion scenarios that can take place, the probability of occurrence of these scenarios and their 
consequences in terms of pressure and impulse. The aim of the research presented in this paper is to 
perform a quantitative risk analysis (QRA), by means of identifying all possible scenarios and 
quantifying the probability of occurrence on the one hand and the size of the explosion (in terms of 
peak pressure and impulse) on the other hand. Since LPG is the most transported explosive good in 
the Netherlands and most other countries and models and calculation tools are available, this research 
focuses on LPG only. For an understanding of the total explosion risk, the quantitative risk analysis 
should also be done for other explosive goods.  
 
This research has resulted in a quantitative risk analysis of LPG induced explosions in road tunnels, 
the probability of an LPG induced explosion and indications of the peak pressure and impulse of the  
different types of explosions. The output of the QRA has been used to perform an economic analysis 
aimed at finding the design values for peak pressure and impulse. The economic analysis will be 
presented in another paper (Explosions in road tunnels, Part 3: Target failure probability).  
 
From this research has been concluded that the method of quantitative risk analysis is suitable to 
identify the scenarios leading to an LPG explosion. The probabilities of occurrence have, as much as 
possible, been deduced from earlier research on human safety in tunnels. Unfortunately, calculations 
of the peak pressure and impulse of the various explosion types could not be performed within the 
limitations of this research. Therefore, estimates have been made. One of the recommendations is 
therefore to calculate the explosion characteristics like pressure and impact.  
 
KEYWORDS: explosions, road tunnels, scenarios, quantitative risk analysis, QRA, probability of 
occurrence, consequences, pressure, impulse, peak pressure, design value, Eurocode  
 
INTRODUCTION 
With the introduction of the Eurocodes, in particular the Eurocode on Accidental Actions EN1991-1-7 
[1,2,3], countries are obliged to take into account explosion loads in the design of their road tunnels. 
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The Eurocode gives two possibilities to design tunnels: 1) according to the informatively given values 
of explosion loads and 2) based on a risk analysis and the accepted risk criterion.  
 
In [4] research has been done into the given examples of explosion loads in Annex D of the Eurocode. 
We have in particular studied the circumstances necessary for these loads to occur. We have therefore 
identified those scenarios (in terms of instantaneous and continuous release of liquified gas amounts) 
that may lead to the specific explosion loads as mentioned in the Eurocode. From the research it has 
been concluded that the given examples of explosion loads are not representative for the total 
spectrum of possible explosion loads. The peak pressure of 2000 kPa in case of a detonation is real, 
but the conditions are very specific. Deflagration may occur in all investigated cases, but the given 
peak pressure of 100 kPa is at the lower range of the load spectrum. Next to these given examples of 
loads, Annex D of the Eurocode is limited to gas explosions only, while for example also BLEVES 
may occur. Therefore, in [4] it has been concluded that the given explosion loads in the Eurocode are 
not suitable for an adequate design of tunnels.  
 
The second possibility offered by the Eurocode us, is a (quantitative) risk analysis and accepted risk 
criterion. Therefore, it is necessary to identify and understand all the possible explosion scenarios that 
can take place, the probability of occurrence of these scenarios and their consequences in terms of 
pressure and impulse. This has to be done for every explosive good that may be transported through 
the tunnel. The aim of the research presented in this paper is to do a quantitative risk analysis (QRA) 
for bulk transport of LPG, by means of identifying all possible scenarios and quantifying the 
probability of occurrence on the one hand and the size of the explosion (in terms of peak pressure and 
impulse) on the other hand. Since LPG is the most transported explosive good in the Netherlands and 
most other countries and models and calculation tools are available, this research focuses on LPG 
only. For an understanding of the total explosion risk, the quantitative risk analysis should also be 
done for other explosive goods.  
 
The ultimate purpose of this research1 is to gain input for guidelines to design road tunnels to 
withstand (certain characteristics of) explosions. The final result is a target failure probability that can 
be used as a starting point for the design of road tunnels (to be presented in the third paper). In this 
paper a scenario analysis has been done based on an accident with an LPG truck. The events in the 
scenario analysis have been quantified by means of literature analysis, mainly related to the QRA for 
users of tunnels [5,6], of which explosions are part of the scenarios taken into account. The scenarios 
result in multiple types of explosions, varying in conditions and therefore resulting in different 
pressures and impulses. In a next step the pressure and impulse have been quantified for the different 
explosion types. This has been done by means of best estimates of an experienced researcher, by lack 
of time and means to calculate these.  
 
The scope is limited to the transport of LPG in bulk through road tunnels and excluding other, 
potentially explosive, dangerous goods. A generic road tunnel in The Netherlands has been 
considered, with a length of 1 km, one-way traffic and longitudinal ventilation.   
 
SCENARIO ANALYSIS 
 
Method 
There are various ways to perform a scenario analysis. We have an accident with an LPG truck as 
initiating event and we want to know the possible scenarios resulting from this event. Since we want 
to be able to calculate the resulting probabilities of occurrence of the various scenarios and the events 
are sequentially, we have chosen to use the method of the event tree. The event tree has branches for 
the events that may occur and every branch has a conditional probability of occurrence. Combining 
the probabilities of sequential branches, results in the probability of occurrence of that particular 

1 This research has been and will be published in three papers: 1) Explosions in road tunnels Part 1: A study into 
the explosion scenarios according to the Eurocode, 2) the current paper and 3) Explosions in road tunnels, Part 
3: Target failure probability 
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scenario. For the visualisation and calculation of the event tree, the software package “Reliability 
Workbench” has been used (see Figure 1-Figure 5).  
 
Event tree 
The starting point of the scenario analysis is an accident with an LPG truck. With the choice for this 
starting point, we exclude accidents with cars, buses and trucks with other loads than LPG, that could 
possibly lead to an explosion. The quantification of the resulting event tree therefore results in the 
probability of an explosion in the tunnel as a result of the transport of LPG, not in the probability of 
an explosion due to any cause in the tunnel. The probability of an explosion occurring in a road 
tunnels is therefore larger than the probability we calculate in this research.  
 
The size of the explosion is dependent on the filling quantity of the tank. LPG is dedicated transport to 
one or a few customers. The tank can therefore be full, partly filled and (almost) empty. For reasons 
of simplicity, we have chosen for three degrees of filling: empty (1% LPG), partially (50% LPG) and 
full (usually 85% LPG).  
 
As a result of the accident, damage to the tank may or may not occur. Damage to the tank may be 
instantaneous failure or a hole of various sizes in the tank. Question is what the size of that hole may 
be and what the flow rate would be. We have chosen to adopt the hole size which has been used in the 
Dutch computer code “QRA-tunnels (for road users)” [5,6]. In QRA-tunnels has been chosen 5 m3 for 
a large continuous outflow and 0,5 m3 for a small continuous outflow. We have chosen to model only 
one hole and have chosen the large continuous outflow with a surface of 0,011 m2, a flow rate of 0,03 
m3/s and a surface of the spill of 300 m2. The event “damage to the tank” therefore consists of three 
branches: 1) no hole, 2) a hole with a flow rate of 0,03 m3/s and 3) instantaneous release.  
 
As a result of the accident, a fire may occur. If a fire occurs, we assume that released LPG will 
immediately be ignited. If no fire occurs, the released gas is not ignited and will flow downstream due 
to the air flow. If there are vehicles downstream, the released gas may be ignited by running engines. 
This results in a delayed ignition and is discussed later in this paper. The event “fire” consists of two 
branches: 1) fire and 2) no fire.  
 
In order for a BLEVE to occur, a temperature increase of at least 50 degrees Celsius is a prerequisite 
(homogeneous nucleation temperature). By means of adding another event to the event tree, 
difference can be made between a small fire not reaching the critical temperature and a larger fire that 
does reach the critical temperature to result in a BLEVE. Therefore the event “Temperature rise > 50 
degrees” has two branches 1) yes and 2) no.  
 
As a result of the high temperature in case of fire, the pressure in the tank increases, while at the same 
time the strength of the tank decreases. If the strength of the tank is not sufficient to resist the pressure 
in the tank, the tank will fail and the LPG will be released. There are two possibilities: 1) the tank fails 
and 2) the tank does not fail.  
 
In those scenarios where a gas cloud has been released and no fire occurs as a result of the accident, 
the gas cloud moves downstream as a result of the air flow. The air flow is a result of the traffic 
and/or the ventilation (both downstream). If there are vehicles downstream, the gas cloud may be 
ignited by these vehicles. However, there can only be vehicles downstream if the accident has 
occurred in the tail of a traffic jam. The branches are as follows: 1) delayed ignition and 2) no 
ignition.  
 
These are the events that we have identified to be possible in case of an accident with an LPG truck. 
In the chapter “Consequences” the consequences of these scenarios have been described. In the next 
chapter the probabilities of occurrence of these events have been described.  
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PROBABILITIES OF OCCURRENCE 
To be able to calculate the probability of a (certain) LPG explosion in a road tunnel, the probability of 
occurrence of the underlying events needs to be known. These probabilities have been discussed 
below. Since very little explosions in road tunnels have occurred, these probabilities have been mainly 
based on literature (QRA-tunnels) and expert judgement.  
 
Probability of an accident with an LPG truck 
For the probability of an accident with an LPG truck in a tunnel2 we need to know what the 
probability of an accident in general is and what part of the vehicles consists of LPG trucks: 
 
 𝑃𝑃(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑤𝑤𝑎𝑎𝑎𝑎ℎ 𝐿𝐿𝑃𝑃𝐿𝐿 𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡) = 𝑃𝑃(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) ⋅ 𝑁𝑁(𝐿𝐿𝑃𝑃𝐿𝐿)    (1) 

 
Where: 
P(accident with LPG truck) = the probability of an accident with an LPG truck (per vehkm per year) 
P(accident)  = the generic probability of an accident (per vehkm)  
N(LPG) = the frequency of LPG transport (veh/year) 
 
For P(accident) multiple numbers have been found in the literature, a.o. in [7]. However, in this 
research we adopt the probabilities as used in QRA-tunnels for as much as possible. In QRA-tunnels 
accident probabilities are used for breakdown, accident without injuries and accidents with injuries 
[6]. A breakdown happens 5 times more often than an accident without injuries (material damage 
only, MDO) and an MDO happens 10 times more often than an accident with injuries [5]. The 
average probability of an accident with injuries is 5 ˑ10-8 per vehkm based on tunnels in the national 
highways [8]. This leads to the following frequencies: 

- Breakdown:    2,5 ˑ10-6 per vehkm  
- MDO:    5,0 ˑ10-7 per vehkm 
- Accident with injuries:   5,0 ˑ10-8 per vehkm 

In adopting these frequencies, we assumed that the probability of an accident with an LPG truck is the 
same as for any other vehicle.  
 
According to [8] the frequency of accidents with injuries should be adopted for accidents with a 
release of dangerous goods. In case of a breakdown, dangerous goods are not released and in case of 
MDO the impact is lower than in case of accidents with injuries, resulting in a lower probability of the 
release of dangerous goods. There are 2 possibilities: 1) The probability of an LPG accident is 
assumed to be the same as the probability of accidents with injuries and the MDO accidents are 
excluded and 2) the probability of an LPG accident is assumed to be the sum of the MDO accidents 
and the accidents with injuries. Both possibilities are reasonable. The follow-up probability of a 
release will be higher in the first alternative. Given that only the probability of a release as a result of 
an accident with injuries is known, we have chosen possibility 1.  
 
A further refinement is possible if the lay-out of the tunnel is known, based on the method in [9]. In 
[13] a tunnel of 3 lanes and with a length of 1 km has been adopted, leading to an accident frequency 
of 5,5 ˑ 10-8 per vehkm. This number has also been used in this paper.  
 
For N(LPG) we need to know what part of the total traffic intensity are LPG trucks. In Basisnet 
[10,11] a transport limit for GF3 trucks (a.o. LPG) has been posed onto tunnels of ADR category A 
(the only category where LPG may be transported through). This transport limit is 3000 GF3 vehicles 
per year for each tunnel [12]. The Leidsche Rijn tunnel has a limit of 3164 GF3 trucks per year. These 
are full, partly filled and empty trucks. It is not known whether the transport limit has been controlled 
or maintained. Counting has led to a lower number of vehicles. Assuming a maximum of 3000 LPG 
trucks per year is therefore conservative. These numbers result in the following probability of an 

2 A generic tunnel as described in the introduction. 
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accident with LPG: 
 
 𝑃𝑃(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑤𝑤𝑎𝑎𝑎𝑎ℎ 𝐿𝐿𝑃𝑃𝐿𝐿 𝑎𝑎𝑡𝑡𝑡𝑡𝑎𝑎𝑡𝑡)  = 𝑃𝑃(𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) ⋅ 𝑁𝑁(𝐿𝐿𝑃𝑃𝐿𝐿)    (2) 
             
 = 5,5 ˑ10-8 ⋅ 3000 = 1,7 ˑ10-4 per vehkm per year 
 
Filling degree 
We have chosen for three degrees of filling (see scenario analysis). In [14] the assumption has been 
made that 50% of the trucks are full and 50% are empty. That means that partly filled trucks are 
excluded, although in practice these transports occur. If the partly filled trucks are excluded, also an 
important part of the consequences are excluded. We have therefore chosen to adopt three degrees of 
filling, although the distribution over the three degrees of filling is unknown. We assume an even 
distribution with a probability of occurrence of 0,33 for each of the filling degrees.  
 
Damage to the tank 
The two extremes are no damage and instantaneous failure of the tank. We have additionally chosen 
for one hole. To determine the size of this hole, we have adopted the information from QRA-tunnels 
as much as possible [5,6]. However, QRA-tunnels distinguishes two hole sizes: a “non-relevant 
release” and a “continuous release”, next to “no release” and “instantaneous release”. Since we only 
have one hole size, we have combined the two hole sizes from QRA-tunnels and added the 
probabilities. This results in the following conditional probabilities: 
P(no hole)   = 1-0,039   = 0,961 
P(hole)   = 0,039 ⋅ (0,7+0,195)  = 0,035 
P(instantaneous)  = 0,039 ⋅ 0,105   = 0,004  
 
However, some side notes need to be made. Firstly, in QRA-tunnels releases of less than 100 kg have 
not been considered. This results in a slight underestimation of the risk. Secondly, after finishing this 
research it turned out that the probability of an instantaneous release (P=0,004) consists of the sum of 
the probabilities of both mechanical impact as well as a BLEVE. These probabilities are based on [8] 
and the individual probabilities are unknown. Therefore, the probability of 0,004 results in an 
overestimation of the risk and calls for further research.  
 
Fire 
As a result of the accident, a fire may occur. There are no statistics available to calculate the 
probability of a fire as a consequence of an accident with an LPG truck. A method has been developed 
to calculate the probability of a large fire in a tunnel [15] resulting in a probability of a fire > 1 MW of 
3,1 ˑ 10-10 per vehkm. Given an accident probability of 5,5 ⋅ 10-8, a fire > 1 MW occurs in 0,6% of the 
accidents. For the calculations we adopt 1% for all scenarios, being conservative in relation to the 
uncertainty.  
 
Homogeneous nucleation temperature (HNT) 
When LPG reaches the homogeneous nucleation temperature as a result of fire, the LPG will 
transition from the liquid to the gaseous phase. This phase change results in a high pressure, possibly 
causing the tank to fail and resulting in a BLEVE. In [16] a temperature increase of 53 °C (326 K) has 
been used. Based on in-house expertise at TNO, the “minimum” critical temperature has been set at 
326 K [17]. However, since calculations at 340 K are available and the peak pressures are much larger 
at 340 K than at 326 K, we use 340 K as a starting point (written as @340K). For lower temperatures 
the scenarios are described with @288K.  
 
Based on [16] can be concluded that the HNT may be reached in case of a fire of 10 MW as well as of 
200 MW. So we may conclude that the HNT can be reached for all fires > 10 MW. No information is 
known for fires < 10 MW. Conservatively we assume that the HNT can be reached in case of all fire 
sizes. However, we recommend to study this for fires < 10 MW in particular. This may lead to a 
substantial reduction, since 40% of the fires is < 10 MW. For this moment we assume the probability 
of reaching the HNT equal to 1. 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

283



 
Failure of the tank due to fire 
In [16] the effect of fire on LPG tanks has been studied. From the research may be concluded that all 
tanks without pressure relief valve3 fail in all fire scenarios that have been considered, although in 
some cases the duration is unrealistically long. As an example, an LPG tank fails in a 10 MW fire of a 
burning van at close to 1-hour duration. It seems unlikely a van will burn for so long. At a 200 MW 
fire the LPG tank fails at approximately 10 minutes. We may assume that the time until failure will 
decrease as the fire is larger.  
 
In [15] the probability of a large fire has been calculated. Fire classes have been used of which the 
lowest class is > 15 MW. Based on this method the probability of fire has been calculated as 3,1 ˑ 10-

10 per vehkm. The probability of a fire > 15 MW is 1,6 ˑ 10-10 per vehkm. From this follows that the 
probability of fire > 1 MW and < 15 MW is 1,5 ˑ 10-10 per vehkm.  
 
Based on the information from [16] and the calculation based on the method presented in [15], we 
may assume that fires < 10 MW will not lead to failure of the tank. Of the fires > 10 MW and < 15 
MW it is unknown whether they will all lead to failure. Conservatively we assume they do. Based on 
the fire size classes in [15], we have calculated that 62% of the fires are > 10 MW. Therefore, the 
probability of failure of the tank due to fire is 0,62. Further refinement is possible by studying the 
probability in the lower fire sizes (< 15 MW) and the fire scenarios (heat flow mainly at the bottom 
and side of the tank or from the top).  
 
Delayed ignition 
A delayed ignition may occur if a gas cloud blows downstream and there is a source of ignition 
present. A source of ignition is most likely a (one or more) vehicle(s). In [6] the following formula 
(from [19]) has been used: 
  
 P(t) = 1-e-dωt           (3) 
 
Where: 
P(t)  = the probability of ignition in the period 0 to t [-]  
d = the average number of ignition sources in the cloud [-] 
ω = the ignition effectivity of a single vehicle [s-1] 
t = time [s] 
 
The average traffic density, d, is calculated as [19]: 
 
 d = N ⋅ E / v           (4) 
 
Where:  
N  = number of vehicles per hour (-/h)  
E  = length of a road or railway section (km)  
v  = average velocity of vehicle (km/h) 
 
The average traffic intensity in the Netherlands is around 2000 veh/h [20]. The average tunnel length 
is 1 km. The average velocity of vehicles in tunnels is between 80 and 100 km/h. Let’s assume 90 
km/h.  
 
 d = 2000 ⋅ 1/90 = 22          
 
However, the current case is a situation where cars are standing still in a traffic jam, instead of driving 

3 Part of the LPG tanks have a pressure relief valve, part haven’t. If the tank doesn’t have a pressure relief 
valve, the tank will fail sooner in case of fire. We assume conservatively that all LPG tanks are without pressure 
relief valve.   
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through the tunnel. The number of cars per lane in a traffic jam varies from 100 to 200 [21] per km. In 
case of the average tunnel at hand in this research and an accident in the middle of the tunnel, the 
number of cars in the traffic jam ahead will be: 
 
 N = n ⋅ l ⋅ a          (5) 
 
Where: 
N  = number of cars in the traffic jam in the tunnel [-] 
n  = number of cars per km per lane [-/km] 
l  = length of the traffic jam in the tunnel [km] 
a  = number of lanes [-]  
 
With n = 100, l = 0,5 and a = 3, the number of cars in the traffic jam N = 150. When we take the upper 
bound of n = 200, the resulting N = 300. So, the number of vehicles downstream the accident may be 
something between 150 and 300 cars.  
 
For ω the value of 0,4 per minute or 6,60 ⋅10-3 per second has been used [6]. From [18] can be seen 
that a gas cloud stays in the tunnels for around 300 s. Assuming three lanes and 150 vehicles 
downstream the accident and the gas cloud in the middle of the tunnel, the calculation results in: 
 
 P(t) = 1-e-dωt = 1- e-150 ˑ 0,4/60 ˑ 300 = 1       (6) 
 
Variations with a shorter duration than 300 s and less than 186 vehicles also result in a probability of 
1 in less than one minute. We can conclude that the probability of delayed ignition is mainly 
determined by the probability of a traffic jam, which is assumed to be 0,01 [7].   
 
CONSEQUENCES 
Each sequence of events (“branches”) leads to a consequence. These consequences may be none , a 
certain type of explosion or something else, for example a jet fire. As a result of the event tree, 24 
different consequence types have been identified: no consequences, a jet fire, gas clouds (both as a 
result of continuous and instantaneous release), gas expansion explosions (GEE, various types), gas 
explosions (GE, various types) and BLEVES (various types). In Table 1 the consequences and their 
frequencies are shown. The frequencies are calculated by summation of the frequencies of the same 
consequences throughout the entire event tree (see results).  
 
The part of every consequence in the total has been shown in the last column. It is remarkable that the 
probability of a Gas Expansion Explosion (GEE) is larger than the probability of no consequences. 
This seems unlikely and possibly due to inaccuracies in the used probabilities. We recommend to 
study the uncertainties in the probabilities in more detail in the future. In case “no consequences” has 
been taken out of account, the total frequency of a (type of) explosion is 1,2 ⋅ 10-4 per tunnel km per 
year. 
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Table 1 Consequences and their frequency of occurrence.  
ID Type of consequences Frequency 

[per km tunnel 
per year] 

Relative 
contribution  
[%]  

CQ0 No consequences 5,40E-05 31 
CQ1 Jet fire 4,40E-07 0 
CQ2 Gas cloud, continuous release 1,94E-06 1 
CQ3 Gas cloud, instantaneous release 0,00E+00 0 
CQ4 GEE,0 @288K 2,27E-07 0 
CQ5 GEE,0 @340K 3,47E-07 0 
CQ6 GEE, 50 @288K 5,55E-05 32 
CQ7 GEE, 100 @288K 5,72E-05 33 
CQ8 GEE, 0 @288K + GE, I,0 (a.g.v. GEE) 2,27E-09 0 
CQ9 GEE, 50 @340 K + BLEVE 50 3,48E-07 0 
CQ10 GEE, 100 @340 K + BLEVE 100 3,58E-07 0 
CQ11 GEE, 50 @288K + GE, I, 50 (a.g.v. GEE) 5,55E-07 0 
CQ12 GE, I, 0 0,00E+00 0 
CQ13 GE, I, 50 0,00E+00 0 
CQ14 GE, I, 100 0,00E+00 0 
CQ15 GE, cont, 0 (as a result of a gas cloud) 1,96E-08 0 
CQ16 GE, cont, 50 (as a result of a gas cloud) 2,11E-23 0 
CQ17 GE, cont, 100 (as a result of a gas cloud) 2,17E-23 0 
CQ18 BLEVE, 0 0,00E+00 0 
CQ19 BLEVE, 50 0,00E+00 0 
CQ20 BLEVE, 100 3,58E-07 0 
CQ21 GEE, 50 @340K 0,00E+00 0 
CQ22 GEE, 100 @340K 0,00E+00 0 
CQ23 GEE, 100 @288 K + GE, I, 100 5,72E-07 0  

Total 1,72E-04  
 
The consequences in Table 1 can be read as follows. The first part describes the type of explosion. 
GEE for example is a Gas Expansion Explosion. The number 0, 50 or 100 describes the filling degree 
(almost empty or 1%, half filled and full or 85 %). Whether the homogeneous nucleation temperature 
has been reached (@340K) or not (@288K) has been described. The “I” means instantaneous.  
 
Sensitivity analysis 
A sensitivity analysis [13] shows that “no consequences” may increase from 31% to a maximum of 
49%. This is the case when the probability of an accident with LPG, the degree of loading, the 
damage to the tank and the probability of the homogeneous nucleation temperature have been 
changed. For more details, please be referred to [13].  
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RESULTS 
 
The resulting event tree, including a description of the consequences (type of explosion) and the 
frequency of occurrence have been presented in Figure 1 to Figure 5. Note that the figures 2 to 5 start 
at the four double arrows in Figure 1. Note further that the word “success” in these trees mean that the 
event occurs: so is fire a success and no fire a failure. From the figures can be concluded that the same 
type of consequences (e.g. a GEE, 100 @288K) may occur multiple times. The frequencies of the 
same consequences have been summed up in Table 1. 
 

 
Figure 1 Event tree 1 
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Figure 2 Event tree 2 
 

 

 
Figure 3 Event tree 3 
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Figure 4 Event tree 4 
 

PARTIALLY:Q=0,33

No hole

Success:Q=0,01

Failure:Q=0,99

Hole 1

Success:Q=0,01

Failure:Q=0,99

Instantaneous  
collapse

Success:Q=0,01

Failure:Q=0,99

Success:Q=1

Failure:Q=1E-16

Failure:Q=1E-16

Success:Q=1

Failure:Q=1E-16

Failure:Q=1E-16

Null:Q=1

Null:Q=1

Success:Q=0,62

Success:Q=0,62

Failure:Q=0,38

Failure:Q=0,38

Failure:Q=0,38

Success:Q=0,62

Failure:Q=0,38

Success:Q=0,62

Failure:Q=0,38

Null:Q=1

Null:Q=1

Failure:Q=0,38

Null:Q=1 GEE, 50 @340 K  
+ BLEVE 50 3,478E-07

Null:Q=1 No consequences 2,132E-07

Null:Q=1 No consequences 2,132E-23

Null:Q=1 No consequences 2,11E-21

Null:Q=1 GEE, 50 @340 K  
+ BLEVE 50 3,478E-07

Null:Q=1 Jet fire 2,132E-07

Success:Q=0,01 GE, cont, 50  
(a.g.v.gas cloud) 2,11E-23

Null:Q=1 GEE, 50 @288K 5,61E-07

Success:Q=0,01 GEE, 50 @288K +  
GE, I, 50 (a.g.v.  
GEE)

5,554E-07

Null:Q=1 Jet fire 2,132E-23

Null:Q=1 GEE, 50 @288K 3,478E-23

Null:Q=1 GEE, 50 @288K 3,478E-23

Failure:Q=0,99 Gas cloud,  
continuous  
release

2,089E-21

Failure:Q=0,99 GEE, 50 @288K 5,498E-05

Volume of the
contents

Q=0,33

Damage to the
tank

Q=0,961

Fire

Q=0,99

Temperature rise
> 50 degrees C

Q=1E-16

Failure of tank
due to fire

Q=0,38

Delayed ignition

Q=0,99

Consequence Frequency

0,0001723

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

289



 
Figure 5 Event tree 5 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
Conclusions 
In this research the events possibly leading to an explosion as a result of the transport of LPG in bulk 
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uncertainties as mentioned in the paper.  
 
Also, the consequences belonging to the scenarios have been identified. In total 24 different 
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explosion, such as a jet fire. The sum of the probabilities of the explosions is 1,2 ⋅ 10-4 per km tunnel 
per year.  
 
Recommendations 
The ultimate purpose of this research is to define a target failure probability for explosions, to base the 
design of tunnels on. In the event tree as drawn up for the purpose of this research, only the 
probability of an explosion as a result of the release of LPG in bulk has been included, because the 
preliminary study concluded that this was the most transported substance and calculation models only 
exist for LPG, not for other explosive goods. It is not yet clear to what extent other hazardous 
substances contribute to the risk of an explosion. Because not all substances have been considered, the 
total probability of an explosion in a tunnel is larger than the probability calculated in the present 
study. It is therefore recommended to check whether the neglect of other hazardous substances has 
been an acceptable assumption and whether these substances need to be considered in the future.  
 
In the current study, it is assumed that the LPG tanks on the trucks do not have a pressure relief valve. 
This is a conservative assumption because the probability of an explosion with a vehicle with a 
pressure valve is smaller than when the pressure in the tank cannot decrease (the pressure becomes 
(too) high less quickly). In addition, the current research also does not consider insulated tanks. This 
too is a conservative assumption because in that case the critical temperature is reached less quickly. 
It is recommended to ascertain to what extent the above assumptions regarding the absence of a 
pressure relief valve and insulation of the tank are justified or need to be adjusted. In addition, it is 
recommended to further investigate the effect of smaller and short-term fires (and the relationship 
between burning time and fire size) on the failure of the tank. 
 
The literature used to determine if and when the critical temperature in the tank is reached is based on 
10 MW and 200 MW fires. From this research it was concluded that the critical temperature is 
reached in both situations, although the duration of a 10 MW fire was taken unrealistically long. Most 
fires are smaller than 10 MW. This study assumes that the critical temperature is reached with fires 
>10 MW. This is a conservative assumption because the duration of the fire is unrealistically long. 
This assumption deserves further investigation. The influence of other filling levels (half full and full) 
should also be investigated in this context (only 10% filling was considered in the research used). The 
Solico study [16] indicates that this could have a major effect. 
 
Outlook and standardization 
This Quantitative Risk Analysis is part of a larger research project [22,23,13,24,4]. In a later phase, 
this QRA has been used as a basis for an economic analysis to result in a target failure probability. 
The economic analysis and the resulting target failure probability will be reported in the paper (under 
development) “Explosions in road tunnels, Part 3: Target failure probability”. In the meantime, the 
method as described in this paper has been adopted by the soon to be published new ISO 10252 
standard on “Bases for design of structures — Accidental actions”. 
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ABSTRACT 
 
Fuels with a high energy density have contributed to the development of modern communities. On the 
other hand, fuels contain energy that, during some conditions, can result in incidents, not least within 
underground facilities. CNG vehicles are designed according to safety standards of UNECE, 
including events such as fire. In case of a fire a thermally activated Pressure Relief Device (TPRD) 
should empty the container before a pressure vessel explosion potentially can occur. CNG tanks are 
according to UNECE regulation 110 tested against a 1.65 m long pan fire. However, local fires, i.e. 
fires that do not engulf the entire tank, but only affects a local part of the CNG tank and not the 
TPRD, are not included in these tests. This paper presents fire tests of CNG containers performed 
both with a UNECE compatible fire source and with a local fire source. Any pressure vessel explosion 
and jet flames were characterized for two different types of CNG containers, namely steel and 
composite. In five out of six tests the safety of the CNG containers prevailed also in the event of a 
local pan fire (0.24 m × 0.24 m), meaning that no pressure vessel explosion occurred. In real vehicle 
fires, where the fire extends from its local characteristics to a more developed fire that expose the 
CNG containers to a larger extent, these tests support that TPRDs most likely will be activated. The 
experience from running these test series calls for that the fire source should be more accurately 
defined with regards to fuel and dimensions in the UNECE Regulation 110 and a local fire should be 
included. 
 
KEYWORD: Fire tests, CNG, containers, vehicle, pressure vessel explosion, jet flame, pan fire 
 
 
INTRODUCTION 
 
Fuels with a high energy density contribute to the development of modern communities. On the other 
hand, fuels contain energy that, during some conditions, can result in incidents, not least within 
transportation. In the future, vehicles will not be powered by fossil fuels, and in order to prevent 
incidents in connection with such a change in the transportation sector, regulations and practices 
should stay one step ahead. Underground spaces constitute particularly high-risk environments with 
regard to fires and explosions. It is important to understand how each fuel behaves in various 
situations, and producing vehicles, building filling stations, and planning safe handling procedures 
based on that knowledge. 
 
Vehicles that are powered by gaseous fuel, e.g. compressed natural gas (CNG) may result in a jet 
flame from a thermally activated Pressure Relief Device (TPRD) or a pressure vessel explosion in 
case the TPRD does not activate fast enough in the event of fire. A pressure vessel explosion is a 
physical, rather than chemical, explosion when the gas stored at high pressures is released into 
ambient pressure conditions. The released gas can ignite so that the pressure vessel explosion is 
accompanied by a fire ball (deflagration). 
 
There have been several incidents where the TPRD was unsuccessful to prevent a CNG pressure 
vessel explosion in the event of fire both nationally [1] and internationally [2]. Possible reasons can be 
damaged containers, or the TPRD was cooled by the rescue service or local fire exposures far away 
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from the TPRD. 
 
CNG vehicles are designed according to safety standards of UNECE Regulation 110 [3]. To reduce 
the risk of explosion, CNG cylinders shall be equipped with a TPRD that should activate at 110 °C ± 
10 °C. CNG tanks are tested against a 1.65 m long pan fire. However, smaller, local fires, are not 
included in these tests. The purpose of the project was to investigate how well CNG containers handle 
local fires. The complete project report including pictures, movies and measurement data is available 
[4]. 
 
BACKGROUND 
 
CNG is stored in pressure vessels up to 260 bar (230 bar is the highest refuelling pressure in Sweden 
according to MSB). There are four different types of CNG containers depending on the material [3]: 

1. Metal container and cylinder (metal, Type 1). 
2. Metal container that is, aside from the bottom and neck, wrapped in sheets of composite 

materials (hoop wrapped, Type 2). 
3. Metal container that is entirely wrapped in sheets of composite materials (fully wrapped, 

Type 3).  
4. Plastic container that is entirely wrapped in sheets of composite materials (all composite, 

Type 4). 

A composite material is made of a polymer matrix reinforced with fibres. The fibres are usually glass 
or carbon. 
 
The use of CNG is governed by the UNECE R.110 [3] regulation, which also includes a fire test. In 
Sweden, the fuel systems of CNG-powered vehicles are governed by a Swedish Road Administration 
regulation (VVFS 2003:22, Chap. 6, § 37-64), along with amendments made by the Swedish 
Transport Agency (TSFS 2009:16, § 38, 39, and 43). The safety system of CNG containers aims to 
prevent pressures in excess of safe limits in the container by venting gas. According to UNECE R.110 
all cylinders shall be protected from fire with TPRD. The cylinder, its materials, TPRD and any added 
insulation or protective material shall be designed collectively to ensure adequate safety for the 
specified fire test. The TPRD of a fuel container should be oriented to prevent further exposure of the 
container to fire. CNG systems operate at around 200 bars. As the quantity of gas is relatively small 
when it is stored in compressed form, the container empties relatively quickly, leading to a rapid 
decrease in pressure. CNG systems have a low-pressure end that is located behind the pressure 
regulator, reducing the pressure to 10 bars.  
 
The UNECE fire test is designed to demonstrate that containers, complete with the fire protection 
system (tank valve, TPRD, integral thermal insulation) specified in the design, will not burst when 
tested under the specified fire conditions. The fire test is described in UNECE R110. On the one hand, 
R110 specify that the length and the width of the pan fire shall exceed the plan dimensions of the fuel 
tank by 0.1 m1. On the other hand, a uniform fire source of 1,65 m length shall provide direct flame 
impingement on the cylinder surface across its entire diameter width2. The cylinder shall be placed 
horizontally with the cylinder bottom approximately 100 mm above the pan fire. Any fuel may be 
used for the fire source provided it supplies uniform heat sufficient to maintain the specified test 
temperatures until the cylinder is vented (acceptable) or fails (unacceptable). 
 
Explosions in enclosed spaces 
Higher pressures can be expected for explosions in enclosures than those in open spaces, particularly 
if no pressure release can take place through windows or lightweight panels that rapidly open or are 
dislodged. Important factors include whether the integrity of the structure is maintained, and whether 

1 UNECE R110, Annex 3B - Appendix A, section A.1.3 
2 UNECE R110, Annex 3A – Appendix A, section A.15.3 
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dangerous fragments are blown away, the latter of which is affected by the materials that the walls are 
made of. Prefabricated walls and ceilings generally collapse, and bricks and windows can be blown 
away, while steel frames and reinforced concrete are able to withstand high pressures. A building that 
is to withstand external explosions should be constructed using steel or reinforced concrete, and have 
small, hardened windows with heavy frames. For a building to withstand internal explosions, it must 
have a strong internal structure that supports the floors and ceiling, and its walls should either be 
open, made of windows or consist of lightweight panels. In a so-called ‘smart building’, the building 
components are allowed to fail in a plastic (rather than elastic) manner, without quick breaks (flexible 
units), absorbing much of the explosion energy [5]. 
 
Pressure vessel explosions differ from those of conventional explosives. Pressure vessel explosions 
involve a rapid increase in pressure, similar to that of conventional explosives, but differ in that they 
emit a high and long negative pressure impulse, followed by a second impulse of significant size. This 
leads to a broad dynamic region, and so buildings are more vulnerable to pressure vessel explosions 
[6]. In general, secondary explosions, caused by the ignition of gas, for example, lead to longer 
pressure impulses, in turn leading to increased strain on garages, tunnels, etc. 
 
In an enclosed space, the increased pressure following a pressure vessel explosion is greatly 
influenced by the volume of the enclosure [7]. A greater volume means a lower pressure rise for the 
same load. The internal pressure build up from an explosion in a large enclosure is likely very small, 
although the local pressure is generally higher. The pressure inside a tunnel is initially affected by 
waves being deflected by the walls, but spreads primarily along the tunnel at a constant pressure rise 
[7]. For a road tunnel of 100 m and a cross-sectional area of 50 m2 and an CNG pressure vessel 
explosion corresponding to 2 kg of TNT3, the pressure rise along the tunnel would be roughly 0.1 bar, 
which would not significantly affect the tunnel.  
 
When a blast wave directly impacts a building, the pressure in the direction of the wall is both static 
and dynamic, as the blast wave is stopped and deflected. This means that the pressure against the wall 
is roughly doubled for lower pressures, and up to 20 times higher for higher pressures.  
 
In 1993, a car bomb of at least 450 kg exploded in a garage below the World Trade Center (WTC) in 
New York. Six people lost their lives in the explosion, and close to one thousand were injured. Smoke 
spread rapidly to several buildings in the WTC complex, and roughly 150,000 people were evacuated 
from the various buildings. Floor B-2, two floors below ground level and the one on which the car 
was parked, was completely destroyed. Walls and vehicles were blown away like child’s toys; 
reinforced concrete floors were blown to pieces. Steel pillars were damaged but remained intact. The 
extensive damage was distributed across seven floors, six of which were below-ground. WTC was a 
well-constructed complex, and this contributed to that it handled the powerful explosion relatively 
well [8].  
 
In 2011, a cloud of vaporized LPG exploded in an underground building made of reinforced concrete 
in Turkey [9]. The LPG leaked into the building from a damaged pipe. The basement level of the 
building was used as a textile factory, but was similar to an underground garage in terms of layout, 
with the explosion occurring in a relatively small space of roughly 10 × 30 m. The basement level did 
not have mechanical ventilation. The outer walls were surrounded by earth, and there was a filling 
station above ground for LPG-powered vehicles. An interior wall separated the space in which the 
explosion occurred from the rest of the basement level, which was 40 × 30 m in size. This wall was 
not sufficiently light to provide ventilation or pressure release during the explosion; instead, it 
increased the pressure in the space in which the explosion occurred, and its constituent material then 
became dangerous projectiles when it was destroyed. When the wall failed, the high pressure became 
directed into the adjacent space. The damage to the structure of the building was severe in the space in 

3 Theoretically, the energy released by a 130 l CNG container at a pressure of 200 bar exploding (8.7 MJ) is 
equivalent to 1.85 kg of TNT detonating according to PERRETTE, L. & WIEDEMANN, H. K. CNG buses 
safety : learnings from recent accidents in France and Germany. 2007. 
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which the explosion occurred, and less so on the far side of the building. Contrary to what might be 
expected in the aftermath of such a powerful explosion, the building did not collapse, but several 
pillars were compressed; as the pressure lifted the roof, the pillars were pulled apart, and the roof then 
came back down, landing on the pillars. Parts of the roof hung like a hammock within the building, 
and large parts of the concrete floor above-ground were broken. The maximum excess pressure was 
estimated as being 0.6 bar. One person died in the basement level, and 21 were seriously injured [9].  
 
Wijesundara and Clubley [10] state that the effects of upwards-directed forces on ceilings have not 
been previously studied, and that they cause a great deal of damage, particularly if the pressure release 
is limited, as often occurs in basements and underground garages. In enclosed spaces, secondary 
shock waves that have been deflected by walls are just as strong as the primary shock wave of the 
explosion, and can cause a great deal of damage as they can occur at the same time as upwards-
directed forces remove the load from support pillars, for example. As a rule, reinforced concrete is 
more resistant to pressure when supporting a higher load and is thus sensitive to secondary shock 
waves in combination with upwards-directed forces that remove or re-distribute load. Pillars must be 
firmly anchored to the floor and walls if they are to withstand such forces optimally. 
 
The Swedish ‘METRO’ project [11] studied explosions in train carriages inside tunnels. This included 
both studies of occurred explosion incidents in mass transport systems, and experiments in different 
scales. In the aftermath of terrorist attacks in Moscow, Madrid, and London, it was noted that damage 
to trains was often extensive, whereas that done to tunnels was generally limited to lighting and 
communication equipment. This was in spite of the fact that the pressure from explosions was to a 
great extent independent of whether they took place within or outside the carriage. Tunnel structures 
are generally very able to withstand pressure, as they are often surrounded by large quantities of 
water, earth, or rock. In open spaces, pressure decreases with the cube of distance; in a tunnel, 
however, pressure decreases linearly with the cross-sectional area, meaning that doubling the cross-
sectional area halves the pressure. A full-scale test with maximum explosion pressure of 5.5 bars 
resulted in minor damage to the tunnel structure, such as the peeling off of the outermost layers of the 
concrete, with no damage to the rock behind. Projectiles from windows or other objects that may 
shatter pose a great danger to people. 
 
DESCRIPTION OF THE FIRE TEST 
 
Test objects 
Two types of CNG containers were tested. Steel tanks (Type 1) used in cars (around 35 L) and 
composite tanks (Type 4) used for buses (190 L). The steel tanks were fitted with valves and TPRDs 
at one end. The composite tank contained a plastic container that was wrapped in carbon fibre 
reinforced polymer composite material. The composite tanks were fitted with a TPRD in each end. 
 
There was no other type of pressure relief devices. The steel tank used in test 1 was equipped with a 
TPRD (PRD 100 produced by EMER4) that releases in one direction. The release hole diameter was 
measured to 6.1 mm. The steel tanks used in test 3, 5, and 7 were equipped with a TPRD that releases 
in six directions (also manufactured by EMER), with release hole diameter 2.9 mm. The composite 
tank was equipped with one TPRD at each end that released in four directions (produced by Hexagon 
Raufoss AS), with release hole diameter 2.9 mm. 
 
Test set up 
The fire tests were conducted at a test site belonging to MSB in Sandö, Kramfors, Sweden. The test 
set-up was located inside a 3 m deep by 24 m long by 2 m high structure (three walls and roof) made 
of reinforced concrete, seeing Figure 1 and Figure 2. One long side was open apart from two load-
bearing pillars. Internally the structure was protected with wood. 

4 https://www.emer.it/en/products/miscellaneous/safety-devices/prd 
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Figure 1  The fire tests were located inside a 24 m long structure (top view). 
 

 
Figure 2  Fire test with local pan fire and steel tank in the middle of the structure. Photo: MSB. 
 
The CNG cylinders were fixed 0.3 m above floor level on metal bars. A pan with a rim height 0.24 m 
of varying areas was placed below the cylinder. The pan was filled with water and heptane such that 
the distance between the fuel surface and the cylinder became 0.1 m, see Figure 3. Three different 
pans were used, named ‘Small’, ‘Narrow’ and ‘Wide’ with the following dimensions: 

• Small: 0.24 m × 0.24 m (1 h duration, burning rate5 1.5 mm/min). 
• Narrow: 0.24 m × 1.65 m (10 min duration, burning rate 2.2 mm/min). 
• Wide: 0.45 m × 1.65 m (10 min duration, burning rate 2.9 mm/min). 

 

 
Figure 3  Test set up for the steel tank with the local fire. 

5 The burning rates were calculated based on pre-tests with the pan fires and empty CNG containers. 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

297



Note that the small pan was placed in the most challenging position for the TPRD, i.e. in the middle 
for composite tanks and at the end for the steel tanks. In test 8 two small pans were used instead of 
one (placed next to each other). 
 
Measurements 
Thermocouples (TC) of type K (Chromel-Alumel) with diameter 0.5 mm were used to measure flame 
temperature and TPRD temperature. The length and width of the jet flame were characterized with 
space markings and video recordings. Incident heat flux was calculated from three plate thermometers 
(PT) placed at a height of 50 cm above the ground. The pressure inside the container was measured in 
fire test 3-8. In case of a pressure vessel explosion, the blast wave was measured with blast pressure 
probes. Before and after the tests, a photo camera was used for documentation. During the tests, video 
cameras were used for documentation. Three edited video files are published with the report in the 
DiVA6 research publication portal. 
 
Test procedure 
The tests were carried out until all gas were consumed by the jet flame, the container burst, or the pool 
fire runs out of fuel, in which case the tank was punctured by a safe rifle shooting. The required 
amount of heptane depended on the burning rate of the pan and the desired fire duration. The test 
configuration of each test can be seen in Table 1 below.  
 
Table 1  Test configuration. 

Test Tank type1) Initial CNG 
pressure (bar) 

Fire Test outcome 

1 Steel (1) 170 Narrow 
(UNECE) 

Jet flame from TPRD valve. 

2 Composite (4) 150 Wide 
(UNECE) 

Jet flame from TPRD valve. Vapour 
cloud explosion after rifle shooting. 

3 Steel (1) 85 Small pan Jet flame from TPRD valve. 
4 Composite (4) 50 Small pan Jet flame from TPRD valve. 
5 Steel (1) 165 Small pan Jet flame from TPRD valve. 
6 Composite (4) 95 Small pan Fire runs out of fuel. Tank is 

punctured by rifle shooting. 
7 Steel (1) 170 Small pan Jet flame from TPRD valve. 
8 Composite (4) 150 Two small 

pans 
Pressure vessel explosion. 

1) The numbers within parentheses refer to the tank types described in the Background. 
 
RESULTS 
 
In test 1 and 2 the 1.65 m long UNECE-fire was used (narrow or wide for the steel tank and 
composite tank, respectively, based on the diameter of the tank) and in test 3-7 a local fire (only 0.24 
m by 0.24 m) was used and in test 8 a fire corresponding to a local fire twice as large (0.48 m × 0.24 
m) was used. In test 1 and 2 the TPRD was activated comparatively fast, within minutes. With the 
local fire the TPRD on the steel tanks was activated after about 20 min. The TPRD on the composite 
tank was activated in one test with small the local fire. Main reason was that the fire spread to involve 
the rubber on the end of the container next to the TPRD. In two tests with the local fire exposure on 
the composite container, the TPRD was never activated. In one of them (the one with a larger local 
fire and higher CNG pressure) the container ruptured (pressure vessel explosion) after 20 min fire 
exposure. 
 
  

6 Permanent Diva research portal link: http://urn.kb.se/resolve?urn=urn:nbn:se:ri:diva-42143. 
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Jet flame characterization 
In test 1, the longest jet flame of 10 m (about 2 m in diameter) was measured, see Figure 4. At 5 m 
looking towards the flame from the side, a peak value at 4.6 kW/m2 was recorded. At 16 m facing the 
jet flame, 1.1 kW/m2 was recorded7. The jet flame in test 1 only lasted for about 1 min.  
 

 
Figure 4 The 10 m long jet flame in test 1, side view. 
 
The resulting jet flame from the composite tank in test 2 was much smaller, seeing Figure 5 to Figure 
7. Just upon TPRD activation the flame length was measured as 2 m but shortly later it stabilized at 
only 1 m. The jet flame had a narrow shape, with a diameter of around 0.2 m. Naturally it lasted much 
longer, more than 10 min. The jet flames probably had a smaller share in the incident heat flux 
measurements to which the pan fire had a larger contribution.  
 

 
Figure 5    Test 2, pan on fire, front view. 

 
Figure 6    Test 2, 1 min: 20 s after the pan was ignited; Front TPRD opens. 
Initially 2 m long flames. 

7 The incident heat flux measurements of such fast scenarios have a considerable uncertainty. A quicker and 
more sensitive sensor may have reacted faster and thus measured higher heat flux levels. On the other hand, 
most objects that are threatened by this heat flux will most likely be slow to react. 
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Figure 7     Test 2, 1 min 25 s after the pan was ignited. Shortly after the 
TPRD opened the jet flame only extends about 1 m. 

 
In test 5, and 7 the TPRD on the steel tank released before 100 °C was measured on the TPRD. The 
internal pressure was at that time above 400 bar. The jet flame hit the ceiling and extended beyond the 
ceiling, see Figure 8 and Figure 9. The length of each jet was about 3-4 m. The jet flame had a narrow 
shape, with a diameter at around 0.3 m. At 5 m looking towards the flame from the side, incidental 
heat flux of 3.8 kW/m2 and 4.4 kW/m2 was recorded for test 5 and test 7, respectively. At 16 m, facing 
the tank, about 0.6 kW/m2 was recorded in both tests. The jet flame lasted for one and a half min. The 
tenability limit for skin exposure is 2.5 kW/m2 [12]. No jet flame ever exceeded this limit at 16 m 
distance.  
 

 
Figure 8 Jet flame in test 5. Drone view (Photo: MSB). 
 

 
Figure 9 Jet flame in test 7, front view. The jet flame hits the ceiling and extends below the ceiling. 
 
Li [13] calculated the jet flame length for different TPRD release hole diameters and 200 bar CNG 
pressure using three different equations from literature. A hole diameter of 2.5 mm should 
theoretically result in a jet flame length between 5 and 7 m. A hole diameter of 5 mm should 
theoretically result in a jet flame length between 10 and 18 m. The results from these tests with a hole 
diameter of 2.9 mm and 6.1 mm lie below these values. Most likely there are other obstructions in the 
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TPRD design that limits the flow, most notably for the TPRDs on the composite container. 
 
Pressure vessel explosion 
In test 8 a pressure vessel explosion occurred, seeing Figure 10 to Figure 13. At 5 m distance a 
maximum pressure of 1.1 bar and an impulse of 3.0 bar×ms was recorded. At 10 m distance the two 
sensors measured a maximum pressure 0.12 and 0.21 bar and an impulse at 0.27 and 0.59 bar×ms 
respectively.  
 

  
Figure 10     Test 8, 20 min pan fire, just before explosion, side view. 
 

 
Figure 11     First frame of pressure vessel explosion in test 8. 
 

 
Figure 12     Second frame of pressure vessel explosion in test 8. 
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Figure 13     Third frame of pressure vessel explosion in test 8. 

 
Theoretically, a physical tank rupture can be estimated using Baker et al. [14] data fitting from 
numerical calculations. The measured pressure at 5 m is slightly higher than the estimation from [5]. 
At 10 m it seems that 0.12 bar is far too low. Excluding this measurement, the pressure measurements 
were plausible, compared with what could be expected, i.e. maximum pressure 1.1 bar and impulse 
3.0 bar×ms at 5 m distance and maximum pressure 0.21 bar and impulse 0.59 bar×ms at 10 m 
distance. Measuring and calibrating blast wave pressure in laboratory environment is a challenging 
task with many uncertain variables (estimated uncertainty at ± 5 %). Measuring blast wave pressures 
in field applications is yet more challenging, as can be inferred from the 0.12 bar outliner result 
above. Measured numbers should be considered to be more uncertain than ± 5 % as a lower limit. 
Given the results and the comparison with theoretical values, the upper limit should not exceed ± 30 
%. 
 
It was also investigated how much strength fire exposed steel tanks regain. One steel tank was 
pressure tested until rupture at 472 bar prior to the fire tests. The steel tanks from test 5 and 7 that 
were exposed to a local fire for about half an hour, pressures above 400 bar and a CNG jet flame were 
pressure tested afterwards. Both tanks ruptured at almost 490 bar, i.e. higher pressure than the 
unexposed tank handled. This supports that fire exposed steel containers regain their strength once 
they have cooled down to ambient temperature (this is also the case for composite containers, see 
[15]). 
 
DISCUSSION 
 
UNECE regulation 110 and local fire test 
The description of the fire tests for CNG tanks in the UNECE regulation 110 is unclear and difficult 
to comply with even with the best intentions. This relates to the specification of the fire and the 
criterion for temperature measurements. The surface temperature is difficult to measure for non-steel 
materials and will in all cases be affected by the test object. Air temperature measured by a TC will 
fluctuate much during turbulent conditions. Incident heat flux measurements, e.g. by a plate 
thermometer, would most likely be a more stable and valid measure of the fire exposure, see for 
example oven testing of building products. Yet better would be to specify the fire source in more 
detail, i.e. HRR, fuel and dimension. 
 
The UNECE fire test standard prescribes a 1.65 m long pan fire. In order to challenge the UNECE 
fire, also local fire sources were used in the project. Another reason for testing a local fire is that local 
fire exposure has been proposed as an explanation to why pressure vessel explosions sometimes occur 
in the event of fire. In test 1 and 2 the 1.65 m long UNECE fire was used and in test 3-7 a local fire 
(only 0.24 m by 0.24 m) was used and in test 8 a twice as large local fire was used (0.48 m × 0.24 m). 
In test 1 and 2 the TPRD activated comparatively fast, within minutes.  
 
With the local fire the TPRD on the steel tanks was activated after about 20 min. The TPRD on the 
composite tank was activated in one test with the local fire. Main reason was that the fire spread to 
involve the rubber on the end of the container next to the TPRD. In two tests with the local fire 
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exposure on the composite container, the TPRD was never activated. In one of them (the one with a 
larger local fire and higher CNG pressure) the container ruptured (pressure vessel explosion) after 20 
min fire exposure.  
 
It is clear that a local fire is a greater challenge for the safety of the CNG containers in the event of 
fire compared to a fully developed fire that engulfs the entire cylinder. However, it is also clear, 
especially after the performance of these tests, that the safety of CNG containers in many cases will 
prevail also in the event of a local fire. Real fires are often local for a given initial period following 
the ignition. In the cases when the fire extends from its local characteristics to a fully developed fire 
that expose the CNG containers to a larger extent, TPRDs will most likely activate. An activated 
water spray sprinkler system or water from fire fighter hoses, either inside the engine compartment, or 
in the ceiling of a building or underground construction, may change the general fire development in 
the vehicle, but not always the local hidden fire development. The present project has not considered 
these aspects of fire protection or fire fighting systems. 
 
Consequences from pressure vessel explosion in underground spaces 
Just as in an open space, a pressure vessel explosion in an underground space may present risks in the 
form of projectiles, and splinters in the close field. For transportation tunnels, a greater damage to the 
tunnel, or people further away in the tunnel are unlikely [16]. It is likely in such a scenario that users 
have time to evacuate at the start of the fire, before the pressure vessel explosion. The tunnel 
structure, consisting of concrete and earth or rock that it is surrounded by, should be able to withstand 
vehicle pressure vessel explosions, as is shown by real explosion incidents and tests. For smaller 
underground spaces, e.g. underground garages, however, the risks posed by pressure vessel explosions 
are more critical [16]. In underground garages, the likelihood of a container rupture as a result of a 
vehicle fire cannot be ignored. The consequence of such a scenario relates to damage to property, 
firefighters, and individuals that are inside or above, the underground garage, as is shown by the LPG 
incident in Turkey [9] were a comparatively small explosion resulted in large damages on the ceiling. 
At the same time there are structures that can withstand this type of incident comparatively well, as is 
shown by the World Trade Center incident [8], where a very large explosion load mainly resulted in 
local damages to the structure. 
 
CONCLUSIONS 
 
The purpose of the project was to investigate how well vehicle CNG containers handle local fires (pan 
size 0.24 m × 0.24 m, or 0.48 m × 0.24 m, filled with heptane). In total, eight fire tests were 
performed on CNG containers equipped with one or two TPRD that should release at 110 °C ± 10 °C. 
For the steel tanks (Type 1) that were used, the TPRD released after an exposure to a 20 min local fire 
(test 3, 5 and 7).  
 
The composite tanks (type 4) that were used handled a local fire exposure in two out of three cases. In 
test 4 the starting pressure was 50 bar and the TPRD released after close to an hour local fire 
exposure. In test 6 the starting pressure was 95 bar and the TPRD never released but the container 
handled the local fire and the following composite container material fire for more than one and a half 
hour. The tank was finally punctured by shooting. In test 8 the starting pressure was 150 bars, and the 
local fire exposure was increased to two pans (0.48 m by 0.24 m). After 20 min the container ruptured 
at 215 bar pressure. The maximum temperature next to the TPRD at that time was 37 °C. These tests 
show that a local fire can be a challenge for the safety of the CNG containers. However, it is also 
shown that the safety of CNG containers in many cases prevail in the event of a local fire. In vehicle 
fires where the fire extends from its local characteristics to a fully developed fire that expose the CNG 
TPRD, these tests support that the TPRD most likely will activate.  
 
The fire test specifications in UNECE Regulation 110 should be improved. It is difficult to adhere to 
the test standard and it does not measure meaningful parameters for specifying the fire exposure on 
the test object. The fire should be specified with regards to fuel and dimensions. A local fire should 
also be included in the UNECE regulation. 
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The explosion-scenarios studied in this paper with a fire-exposed CNG-container show that there are 
plenty of time for evacuation in such cases. More critical then, is the safety of rescue personnel that 
may only have 20 min to attack the fire before a pressure vessel explosion can occur. Many robust 
underground spaces such as transportation tunnels or well-constructed complexes are not severely 
damaged by vehicle CNG pressure vessel explosions. At the same time, underground spaces that are 
more vulnerable can be identified, e.g. underground garages with floors above which would collapse. 
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ABSTRACT:  The research focus in this article has been to evaluate how risk analysis on Norwegian 
tunnels considers the uncertainties related to the fire smoke toxicity when evaluating the risk picture. 
A random selection of risk analysis from all over Norway have been assessed up against present 
knowledge of tunnel fires and smoke toxicity. It has also been assessed whether the analysis fulfils 
their intended role as expected by the associated regulations and standards. The conclusion is that the 
prevailing risk analysis on Norwegian tunnels do not take into consideration the uncertainties related 
to fire smoke toxicity in tunnels. It is recommended to further study empirical models used when 
assessing fire smoke toxicity, and further look into how to manage risk and uncertainties in the design 
phase regarding exposure to smoke during evacuation and continuously strive for an inherent safer 
tunnel design in Norway. 
 
KEYWORDS: Fire smoke toxicity, fire hazards, performance-based design, risk analysis 
 
 
INTRODUCTION 
 
The main cause of injury and death in fires is exposure to toxic fire smoke and gases [1]. In fire safety 
engineering of complex structures, such as tunnels, a risk analysis is required as basis for the decision 
making [2]. The aim with risk analysis is to map and describe the risk for an object [3] when 
constructions and buildings do not fit the prescriptive regulations. The road authority can make an 
exception from the requirement of having emergency exits if the tunnel is shorter than 10 km and the 
average annual daily traffic (AADT) is below 4000 cars pr. lane, if a risk analysis can demonstrate 
that equal or better safety is achieved with alternative measures.  
 
Fire science is chemistry, physics, computer modelling, engineering and human behaviour. 
Understanding the fire dynamics in tunnels and how the fire interacts with its surroundings is 
important when evaluating the fire safety design in tunnels [4]. The components present in the fire 
smoke from a larger fire will be a result of the goods carried by the heavy goods vehicles (HGV), how 
different components interact with each other when exposed to (extreme) heat loads, supply of air and 
combustible materials. Thus, the uncertainties regarding the composition of toxins involved are high. 
The fire smoke toxicity constitutes the major part of the risk picture in a tunnel. Currently there are 
very few restrictions regarding materials that are travelling through the Norwegian tunnels. New type 
of vehicles, technologies and fuels are integrated in fast pace in the transport systems.  
 
In this study we question the design practices and the quality of existing risk analysis, based upon 
existing knowledge regarding smoke toxicity. Shortcomings in risk management have been evident in 
the investigations and national audits [5]. There is a need for design requirements to keep up with the 
technological development, resulting in a more functional and performance-based legislation that 
challenge existing practices. As of today, there is no acceptance criteria or design requirement 
regarding smoke obscuration in Norwegian tunnels, even though this is a major component and 
uncertainty factor in prevailing risk analysis. 
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STUDY APPROACH 
 
Tunnels can be seen as a complex structure [6], because it involves a large number of various 
stakeholders, which influences the tunnel designs and operations in a way that makes scenarios 
difficult to predict, involving complex interactions and tights couplings. A major fire in a steep subsea 
or onshore tunnel without emergency exits can be catastrophic. In Norway there are several tunnels 
where this could become a scenario [7]. This study explores the basic assumptions seen in a random 
selection of existing risk analysis performed in Norwegian tunnels. Based on knowledge gained 
through experiments of fire dynamics in tunnels and fire toxicity, we explored uncertainties regarding 
fire smoke toxicity. To which extent are these uncertainties managed in prevailing risk analyses? 
Based on our comprehension of the risk concept and the expectations to related safety levels 
interpreted from the tunnel safety regulation, current practices for risk analysis are investigated to see 
how such analyses fulfil their intended purposes. We assessed relevant literature on smoke toxicity, in 
order to reveal basic assumptions seen in the tunnel safety work.    
 
FIRE HAZARD AND TOXICITY 
 
Fire toxicity is most important in areas where escape is restricted, such as in several of the Norwegian 
tunnels.  The toxic hazards associated with a fire and the inability to escape from fire atmosphere 
could be considered in terms of major hazard factors such as heat, smoke and toxic combustion 
products. [1]. Each of these factors could at some point effect the escape behaviour. The time 
available for escape is the interval between the time of ignition and the time after which conditions 
become untenable, resulting in that occupants can no longer take effective action to accomplish their 
own escape.  This could be as a result from exposure to radiant and convection heat, visual 
obscuration due to smoke, inhalation of asphyxiant gases and/or exposure to sensory/upper- 
respiratory irritants [1].  Predicting the composition of fire smoke in a combustion environment can be 
extremely complex since it is depending on a large number of variables, such as the nature of the fuels 
involved (chemical composition, structure and formulation), the stage of combustion (smouldering, 
flaming or post-flashover), the temperature of the combustion and the available oxygen and 
ventilation in the vicinity of the fire [8]. Products formed from the most organic materials can be 
divided into two main categories based on their toxicity: components that have asphyxiant properties 
and oxygen depletion due to the fire itself, and thereby cause hypoxia and lead to loss of 
consciousness and death. The other category is smoke components that cause irritations, either as 
sensory irritants or as pulmonary irritants (affecting lungs), leading to immediate incapacitation or 
long-term effects [1]. Most likely sensory and pulmonary irritation will be present at the same time.  
 
Already in 2004, an investigation by The Norwegian Directorate for Civil Protection (DSB) showed 
that transportation of dangerous goods, gases, explosive, pyrophoric and toxic gases and fluids were 
much larger than expected on Norwegian roads [9]. Transportation of corrosive, toxic and other 
dangerous substances crossing the mountain from east to west in Norway is significant. Probably the 
real volume is larger than given in the report, since not all companies were part of the survey. The 
survey was on classified dangerous goods, but in a fire seemingly harmless materials can become 
toxic. The variation of substances transported through tunnels is huge, it will vary from products to 
the aquaculture, refrigerated dairy products to upholstered furniture, building materials and electrical 
equipment. It is a common misconception that one can identify “toxicity” as a discrete property of 
specific substances such as wood or diesel [8]. In reality combustion products from fuels consist of a 
complex mixture, partly depending upon the elemental and molecular composition of the burning fuel, 
but as much upon the combustion conditions. During a fire development the combustion conditions 
change considerably, and the human exposure conditions further depend on the dynamics of air 
entrainment and plume dispersion [8].  
 
When occupants become immersed in smoke, behavioural, sensory and physiological effects occur. 
Toxic fires effluents are responsible for most fire deaths and an increasingly large majority of fire 
injuries. Most fire deaths and injuries occur in residential fires, although assessment of fire toxicity is 
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currently focused on areas where escape is restricted [8]. In the UK, and probably across Europe, most 
fire deaths result from small fires within the room of the fire origin, but with spread of toxic smoke to 
other areas [1]. In the US only 21 % of fire deaths occur in the room of origin of the fire and 67 % 
occur on another floor [1]. The main cause of deaths beyond the room of fire origin is exposure to 
toxic smoke. Fire safety in general has often focused on preventing ignition and reducing flame 
spread, and not so much focus has been given to the fire toxicity. It may render many questions, but 
an obvious one is that the fire safety engineering community is not multidisciplinary enough to 
include medical and physiological expertise or even psychological crisis response analytics. Risk 
analyses also seem to skip that kind of information in its consequence analyses.  
 
Statistics from the UK indicate that 30 % of fire related deaths in the UK in 2017/18 were caused by 
the victim being overcome by gas, smoke or toxic fumes. The other dominant causes are burns alone 
(24 %) and combination of burns and being overcome by gas or fumes (15 %) [10]. In Norway the 
corresponding figures in the time period 2005-2014 shows that asphyxiation is the main cause of fire 
related deaths (57 %), followed by burns (15 %). The combination of asphyxiation and burns was 
concluded in 10 % cases [11]. However, asphyxiation may have many explanations, in which various 
toxins may contribute. 
 
According to the tunnel safety regulation [2], tunnels with an incline larger than 3 % shall have extra 
and/or enhanced risk reducing measures based on findings from the corresponding risk analysis. In 
Norway there are at least 57 road tunnels with gradients larger than 5 %, which of 33 are subsea road 
tunnels. These represent approximately 5 % of the road tunnels in Norway, but experienced 42 % of 
the fires in the period 2008-2015 [12]. The recent years there have been several fires in Norwegian 
tunnels involving heavy goods vehicles (HGV) or buses. As of today, no road-user has been killed by 
the fires, which strengthens the arguments that the fire smoke can be controlled by the ventilation 
system in the tunnels. This fact seems now to cause a growing perception amongst tunnel owners (risk 
owners) and consultancies that the smoke has been non-toxic and can be controlled in cases of fires. 
This silently supports the choice of ventilation strategy, which is longitudinal instead of transverse 
ventilation [13] in all of the tunnels in Norway. The Norwegian argument is that transverse ventilation 
increases complexity and thus reduce reliability of smoke extraction in case of fires. This is critical 
seen in a societal safety perspective. It is stated in the tunnel safety regulation that longitudinal 
ventilation in tunnel is only allowed if the risk analysis demonstrates that it is acceptable [2]. This 
regulation, which came into force in 2007, do not have retroactive effect.  
 
Smoke toxicity and escape 
 
We know that smoke exposure delays or prevent escape for an extended period, and during this period 
fire conditions may become life threatening [1]. Major accidents worldwide have had devastating 
consequences. On 24 March 1999 a Belgian truck with a refrigerated trailer carrying margarine and 
flour caught fire in the Mount Blanc tunnel and resulted in 39 deaths, and major complexities in the 
fire and rescue work. Those who tried to escape managed to make only 100 ~ 500 m before collapsing 
due to lethal smoke compositions [14]. In the St. Gotthard Tunnel, 24 October 2001 two HGVs 
collided, and a fire broke out. After the fire was brought under control, the bodies of 11 people were 
found to the north of the incident location within approximately 1250 m. Ten died as a result of smoke 
inhalation [15]. In Kaprun November 2000, 155 tourists were killed in a ski train blaze. Several 
passengers ascending on foot were asphyxiated by the smoke [16]. Taken into account the tragedy and 
lessons learned from these accidents, we question the design approach used in Norwegian tunnels.  
 
Usually the tunnel length and density of traffic (AADT) are the design parameters when deciding the 
safety level for a tunnel. In more advanced engineering designs of fire protection systems and escape 
routes, the heat release rate (HRR) of the vehicles using the tunnel is an important input. Heat release 
rate, or also called energy release rate, is defined as the energy the fire releases per unit time, usually 
given in kW (= kJ/s) [17]. The energy released in a fire depends on factors such as ignition source and 
vehicle type, their geometry and size, material type, the geometry of the tunnel and the ventilation 
conditions [4]. It is very hard to predict the dimensioning HRR for a given tunnel, because it depends 
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on so many different factors. Thus, regarding HRR predictions designers and analysts should take into 
consideration the uncertainty when engineering the tunnel concept. Experience from large tunnel fires 
experiments show that HRR is the most important parameter for describing the development and 
consequences of a fire [4], and it should be a key parameter in engineering the design of ventilation, 
evacuation systems and the structural strength of a tunnel. This is not the practice when engineering 
tunnels. The tunnel regulation handbook N-500 [13] describes the design of a tunnel, mitigation 
measures and its requirements for technical equipment in tunnels longer than 500 m.  
 
In general, fires that escalate from a HGV to neighbouring vehicles are the typical catastrophic fires 
leading to several fatalities. Common for all of these are the significance of the vehicle type and 
position in relation to the portals and other vehicles, the ignition source and the effects of the 
ventilation on the fire growth rate. Further, the type and weight of load carried by the HGVs played an 
important role in determining the severity of the fire. The size and type of ignition source is important 
for the potential growth of the fire, and the variety of ignition source is tremendous [4]. It could be 
everything from electrical circuit failure, leaking fuels, overheated breaks and so on, introducing 
uncertainty on how fast the incipient period which can vary from tens of seconds to tens of minutes.  
 
With the aid of longitudinal ventilation, the fire could spread very rapidly. The fire growth rate gives 
premises to how the fire scenario will develop and is one of the most important design parameters for 
tunnel safety. A linear trend between fire growth rate and ventilation conditions is observed from 
experiments [4]. Also, the tunnel ceiling height has a major effect on the outcome of the fire. The 
combination of low ceiling height and longitudinal ventilation could be devastating. Ventilation 
conditions are important for the chemical production and the hazards. An under-ventilated fire has 
greater yield of major toxicants than well ventilated fires. The ventilation is an important means to 
affect, and improve the conditions upstream the fire, making it possible for the rescue service to reach 
the fire. In Norway the ventilation system is often used as a part of the firefighting tactics, using the 
ventilation in a predefined direction. Two reasons are given for this methodology [4], firstly, the 
firefighters know in advance the ventilation direction and thereby which portal to enter and attack the 
fire from. Secondly, the conditions downstream of the fire are assumed to be of less danger to people 
being in this part of the tunnel due to dilution of the fire gases.  
 
Test cases 
 
The firefighting strategy in tunnels is partly based on the results from the experiments in the Byfjord 
tunnel in 1998 and the Bømlafjord tunnel in 2000, showing that downstream the car fires the 
concentrations of CO and NOx were not life threatening [18]. Two cars were set on fire in each tunnel. 
These tunnels, both built in the mid-1990s, were longitudinally ventilated, with fire-ventilation 
velocity ~3 ms-1. Information on approximate fire sizes and flame behaviour, temperatures, fire 
detection, smoke movement and toxicity were collected. The objectives were to investigate the 
emergency preparedness of the fire brigades/road authorities and to record temperatures, movement 
and visibility of the smoke plume in tunnel. Measurements of O2-, NO2-, CO-concentrations, wind 
speed at the lowest point in the tunnel and temperatures beneath tunnel ceiling above cars were 
obtained. During the test in the Byfjord tunnel (north of Stavanger) the prevailing wind direction was 
chosen as the ventilation direction. Very soon the ventilation system controlled the smoke movement. 
The whole tunnel cross section was filled with smoke 20 m downstream, and 25 min after the ignition, 
smoke filled the whole 3 km section of the tunnel from the burning cars and to the tunnel opening at 
Randaberg. For six years the Stavanger Fire Brigade and the road authorities, as a result of incomplete 
risk analysis, thought they could drive down the tunnel beneath or through the smoke plume in order 
to reach the fire. However, given the prevailing wind direction resulting in a draught 2-3 m/s towards 
Randaberg, it was demonstrated that the Fire Brigade could not reach the scene of these fires (5-10 
MW) before the tunnel was filled with smoke of 1-2 m visibility. CO and NOx concentrations were 
not life threatening and O2 concentrations were measured to 19 % in the smoke layer downstream the 
fire [18].  
 
Research done by Lönnermark and Blomqvist [19] shows that smoke gases from a passenger car can 
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have potentially negative impact on humans. Three separate, full scale fire tests were carried out 
under a large-scale (“industry”) calorimeter, a fire ignited in the engine compartment and two fires 
ignited inside the vehicle, one that was extinguished and one that was allowed to develop into a fully 
developed fire. Both the fire gases and run-off water were analysed. The emissions measured were 
HCL, SO2, volatile organic compounds (e.g. benzene), polycyclic aromatic hydrocarbons (PAHs) and 
polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDDs/PCDFs). Aldehydes and isocyanates 
were also found in the smoke gases. Both these compounds have well-documented short-term and 
long-term effects on humans. Other toxic compounds were HCN and SO2. These compounds have a 
direct effect on people and are of concern for rescue personal and others exposed to smoke from 
vehicle fires.  
 
These components amongst others, were not measured as a part of the scope of work in the Byfjord 
and Bømlafjord tunnel full scale experiments done by Nilsen [18].  
 
Toxicity and exposure 
 
Tunnel users such as HGV and buses will introduce a larger variety of potential toxic compounds. It 
does not need to be classified as dangerous goods to contribute to large uncertainties when it comes to 
containing toxic components released in fires. Regardless of the ventilation condition, toxic 
compounds with direct effect on people, both short-term and long-term, will still be present in some 
kind of mixing ratio. Uncertainties are also associated with other gases that have not been analysed 
and might have unknown effects that could be important for the overall toxicity in fire situations.  
Technical equipment, such as cables from lighting and ventilation systems could be a source of toxic 
and irritant compounds in a tunnel fire. Studies of fire effluent toxicity is a multidisciplinary area, 
where both fuel chemistry and conditions of the complex processes of fire have significant influences 
[1]. The yields present will be scenario-based and depend on the contexts, materials and ventilation 
conditions. An important question is, how to select design scenarios deemed the acceptability range? 
The time-concentration curves of the toxic products depend on the mass burning of the fuel (kg/s), 
dispersal volume (kg/m3) and the yields of each toxic product (kg/kg). The yields at different stages 
will depend upon fuel substances, fuel/air equivalence ratio, temperature and oxygen concentration in 
the flame zone [1]. The main dangers presented by smoke are obscurity (lack of visibility prevents 
people from fleeing), toxicity (which incapacitates) and temperature (which also incapacitates) [20]. 
 
Carbon monoxide is an asphyxiant gas and the toxic effect is due to its combination with haemoglobin 
in the blood to form carboxyhaemoglobin (COHb). This is well known, but CO can have other 
adverse effects, for example interruption of energy production of cells, interference of oxygen 
delivery and other cellular activities [21]. These effects are not as well understood or widely discussed 
in the literature. A concentration of 50 % COHb is often taken as a threshold for lethality [8], however 
a large variety can be expected in humans and the actual limit depends on the situation. A lower level 
over a longer time period can result in effects on the cellular processes and might lead to fatalities at 
lower levels of COHb, than if a person is subject to shorter and higher exposures. Exposure to HCN 
forms cyanide ions in the blood, and this is approximately 25 times more toxic than CO. The 
dynamics of HCN in the human body are, however, poorly understood and blood cyanide is not 
analysed as routinely as COHb [4]. CO2 affects the time to incapacitation in two ways. At low 
concentrations CO2 stimulates breathing, which increases the uptake of other toxic gases. At high 
concentrations (> 5 %) it becomes an asphyxiant, although not additive to the effects of CO and HCN. 
The main effect from irritant gases are important when evaluating the possibility for people to escape 
from a fire. Another effect is that the gases can cause oedema and inflammation in the lungs, leading 
to death 6 to 24 hours after exposure. 
 
Effective dose and concentration levels are commonly used to provide an indication of lethality and 
incapacitation, from the cumulative effect of the most noxious fire effluents, expressed as fractional 
effective dose or concentration (FED or FEC) [20]. The intended use of fire safety engineering 
calculations is for life-safety prediction for people and is most frequently for time intervals somewhat 
shorter than 30 min. Research performed by TNO (The Netherlands Organisation of Applied 
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Scientific Research) published in the coloured books  Methods for the determination of possible 
damage to people and objects resulting from release of hazardous materials [22], states that the 
combustion products that theoretically can appear in a fire are mainly determined by the chemical 
composition of the substance. If for instance hetro-atoms are present, such as chlorine and sulphur, in 
addition to carbon and hydrogen, then next to CO, CO2 and H20 also CL2, HCL, COCL2, S02 and COS 
will appear. This will typically be called primary combustion products. Secondary combustion 
products will also be generated as a result of mutual reactions between the combustion products that 
are formed. Generally, there are very little data available with regard to secondary combustion 
products.  
 
TNO suggests methods to clarify in which manner the formation of combustion products can be 
defined [21], but the guidelines should be considered as indications containing a relatively high 
degree of uncertainty. This is all based on materials and research results published in 1992, and the 
underlying studies are even older. TNO recommends for any future research on acute toxicity to 
obtain better definitions for these types of injuries that could arise consequently when exposed to 
smoke from a fire. They also state that the methodology established for inhalation by human beings 
represent no more than an indication, and that a lot of research is required to arrive at reliable dose-
effect relationships [21].   
 
Hull and Stec [8] claim that analytical chemistry has made tremendous advances over the last 20 
years. Instrumental sensitivities have increased by several orders of magnitude. These improvements 
have occurred in a period when advances in combustion toxicity have been rather slow. Further, the 
regulatory focus has been to control the flammability and rate of heat release to control fire hazard, 
rather than focus on the toxicity. The range of components present in a fire effluent, and the lack of 
knowledge relating to the toxicity of all individual components, make quantification of fire toxicity 
expensive [8]. 
 
UNCERTAINTIES IN RISK MANAGEMENT 
 
A major study was done by tunnel safety experts in the UN that led to the development of a new 
international tunnel fire guideline (UN/ECE 2001) [23]. After this study a new EN directive (Directive 
2004/54/EC) [24] for fire safety in road tunnels was introduced in 2004. The new regulations did not 
just set a safety level for a tunnel through prescriptive regulations but also the requirements for how a 
safety level should be maintained during the whole tunnel lifetime. These new regulations are 
prescriptive in its form. If a tunnel deviates from the prescriptive solutions, risk analysis should be 
carried out to form the basis to decide if upgraded safety levels are necessary. To satisfy the 
requirements of risk analysis in the new regulations, risk analysis guidelines were developed. A study 
on risk guidelines published in 2004 [25] under the RISIT program founded by the National Research 
Council of Norway, pointed out the need for more scenario-based solutions. A more resent guideline 
focuses directly on the different risk analysis methods and when they should be applied [26]. 
 
In ISO 31000 [27] risk is defined as the “effect of uncertainties on objectives”. Risk management is 
seen as coordinated activities to control an organisation with regards to risk. A risk analysis is an 
important part of mapping potential risks within an organisation, and in the ISO 31000 the term 
“uncertainty” is brought into play. There are several uncertainties related to fire risk in a tunnel, that 
must be addressed in risk analyses. The scrutiny of whether fire smoke in a tunnel fire is toxic is an 
important part of the analysis process. 
 
We address ISO 31000, since tunnel fire safety is internationally regulated, and the standard is often 
referenced. The recommended risk management process is illustrated in figure 1: 
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Figure 1: Risk management process according to ISO 31000 [27]. 
 
The risk analysis techniques can be qualitative, quantitative or a combination of these. Amongst other, 
but not limited to, risk analysis should consider factors such as complexity and connectivity, time 
related factors and volatility, sensitivity and confidence levels. A challenge in any risk analysis is that 
it is influenced by divergence of opinions (subjectivity), biases, perceptions and judgements. To 
overcome such challenges the analysis process must include many stakeholders, traceability to data, 
models and assumptions employed, assessment of their credibility and trustworthiness as well as 
clarifying various sources of uncertainties. 
 
Risk analysis is futuristic, but uncertainties involved relates to various topics, which we can relate to 
the timeline. Uncertainties related to historical recordings, for example mapping previous fires in 
tunnels and toxic compounds involved or establishing an overview of state of HGVs through tunnels, 
can be dealt with and reduced by improved data retrieval. It is a methodological problem. 
Uncertainties of the present, such as modelling toxins and their effect on humans in tunnel fires are 
epistemological. We have some knowledge, and we can improve the knowledge base and thus reduce 
uncertainties. However, there are still extrapolations, engineering judgements and expert opinions 
needed. We will still lack knowledge. In order to establish future fire scenarios and risks, we have 
major uncertainties. This uncertainty exists but cannot be reduced. We can change the tunnel system, 
but the future is uncertain per se [28].  
 
Risk analysis cannot be without some kind of “valuation”. Data is interpreted, subjective models of 
how reality works is made, and the analysis is influenced by social, cultural or philosophical matters. 
The models that collect data is subjective [29]. So-called expert risk analysis based on empirical data 
and scientific methods are important and necessary, but are they sufficient? The purpose of risk 
management, which risk analysis is an important piece in, is the creation and protection of value. The 
purpose is to improve performance, encourage innovation and support the achievement of objectives 
[27]. Human behaviour and culture significantly influence all aspects of risk management at each 
level and stage. It is important that risk management continually improves through learning and 
experience. Each organization should specify the amount and type of risk that they may or may not 
take, relative to objectives. In this way tunnel fire risk analysis and uncertainties regarding toxicity 
becomes a dialectical debate over safety, which is important for the decision-making processes. 
 
Criteria are defined to evaluate the significant of risk and to support decision making processes. The 
risk criteria should reflect the organisations values, objectives and resources and be consistent with 
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polices and statements. Such a risk criteria should be established at the beginning of a risk assessment 
process. When setting the criteria one should consider several things, such as the nature and type of 
uncertainties that can affect outcomes, how to define and measure consequences (positive and 
negative), time-related factors, consistency in the use of measurements and how the level of risk is to 
be determined. Combinations and sequences of multiple risks must also be considered, together with 
the organisation’s capacity [27]. In Norway the road authorities have a philosophy of “zero killed” in 
the traffic [30]. Thus, developing operational functional requirements, addressing risk acceptance 
should be a natural part of this. Currently it is not, and the regulation is more prescriptive than 
functional, despite that risk and contingency analyses are mandatory. They become more compliance 
oriented than important tools in proactive safety management practices.  
 
 

 
Figure 2: Risk assessment process for fire in a HGV in tunnel illustrated with the ISO 31000 [2] 

model 
 
Taking the intention from the ISO 31000, the purpose of risk identification is to find, recognize and 
describe risks that prevent the organization to achieve its goal (no fatal fires from HGVs). The quality 
of information used will influence the assumptions and exclusions made, limitations of the techniques 
and how they are executed. All these influences should be considered, documented and communicated 
to decision makers. Justification for risk treatment is broader than solely economic considerations and 
should take into account all of the organisation’s obligations, voluntary commitments and stakeholder 
views. Transforming normative risk management strategies into practices are complicated and can 
only be reviewed by in depth studies of the tunnel systems [6]. 
 
FIRE AS A HAZARD IN EXISTING NORWEGIAN TUNNEL RISK ANALYSIS  
 
A random selection of 40 risk analyses carried out for tunnels longer than 500 m in the west, south, 
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east and middle of Norway have been assessed. The aim was to map how the so called “highly 
uncertain events” were treated. In a tunnel this would typical be if a HGV fire developed into a large 
fire, producing toxic gases. An overview of the distribution of some of the answers to questions raised 
when looking into in the prevailing risk analysis is presented in figure 3 below. 
 

 
Figure 3: Coarse analysis of a random selection of existing risk analysis  
 
In each of the selected risk analysis it was investigated whether the incline was above 3 % - then the 
requirement of having extra and/or reinforced measurements based on a risk analysis is prevailing. 
Further the potential variation of different types of goods were explored (restrictions to dangerous 
goods?). Whether or not fire toxicity was mentioned as a hazard, or if it was registered as an 
uncertainty, was also investigated. Several of the risk analysis had quantitative calculations to 
represent the probability of something going wrong in the tunnel. So whether or not uncertainty/lack 
of knowledge regarding calculations were mentioned was also looked into. Risk analysis is meant to 
give input on how we should deal with the risk. Whether or not risk reducing measures regarding 
potential larger accidents were suggested, and whether they were recommended solely based on cost, 
was also looked into. Thus, we assessed the use of the ALARP-principle. 
 
Escape routes besides entrances were not present in 39 of the 40 tunnels. Only one risk analysis stated 
that there was a need to improve the evacuation possibilities. The rest of the analyses stated that it did 
not reduce the risk level enough to make it acceptable as a measure from an economical point of view. 
When reviewing the risk analyses, we got the impression that most of the risk analyses were 
calculation exercises for probabilities based on, as mentioned in several of the analyses, figures from a 
database that had several uncertain elements.  
 
Arguments used for accepting risks in the performed risk analysis were that the smoke was controlled 
by the ventilation system and would not constitute a large risk for the occupants. We question this 
approach towards safety for the occupants based on the huge uncertainties involved. The existing 
knowledge of fire smoke toxicity and the uncertainties involved in a HGV fire scenario in a tunnel are 
scarcely treated in all analyses. Since the fire scenarios involving heavy goods vehicles are infrequent 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

313



events, it seemed that the fire toxicity and the related uncertainty was not treated in the risk analyses.  
 
When evaluating the risk of fire toxicity present in a road tunnel it is necessary to identify the main 
toxic species responsible for these effects amongst the hundreds of chemical species known to occur 
in fire effluents and combinations that might occur. This is to say at least a rather complex task. We 
question the quality of the risk analyses performed for Norwegian road tunnels and exemplify it with 
the quote:  
 
“An evacuation tunnel would just increase the level of felt safety, but it would in little degree improve 
the safety level. It would only be beneficial in larger tunnel fires with large releases of dangerous 
gases or liquids. It is uncertain how many people that would actually use the escape way, because for 
many it would be natural to turn the vehicle around and drive out or escape by foot in the driving 
lane. In the St. Gotthard tunnel (2001) 11 people lost their lives even though the tunnel had escape 
exits. Also, experiments in the Netherlands shows that passive and insecure actions of people in a fire 
situation reduces the effect of emergency exits. This uncertainty regarding human behaviour makes it 
impossible to calculate the risk reducing effect of an emergency tunnel. It is also impossible to 
calculate that alternative measurements gives equal or better effect”. 
 
The subsea bi-directional tunnel, 8900 km of length, 7,4 % incline and built in 2013, was built without 
emergency exits/tunnel. The strategy is that longitudinal ventilation will control a fire and make it 
possible to evacuate. We question the intention behind the risk analysis, when this approach to map 
risk reducing measures is used. The example regarding the St. Gotthard tunnel, where 11 people lost 
their lives even though the tunnel had escape exits, is wrongly used. First, in the St. Gotthard tunnel 
the scenario was escalation between HGVs and private cars. A fire scenario involving escalation have 
not been reflected upon in the majority of the Norwegian risk analysis studied. The fire in the St. 
Gotthard tunnel demonstrates that the smoke very fast will reduce visibility and make the possibility 
to escape very limited. The victims tried to escape, but some of them could not open the sliding doors. 
There are challenges with allocating signs and systems to ensure safe egress to emergency exits. 
Using lack of rationalities amongst road-users as argument against emergency exits are superficial, 
easy and it certainly lacks justifications. We interpret the quote above as an argument for a decision 
already made. 
 
The analyses shall be carried out to identify and assess what can contribute to reduce the major 
accident risk, thus increase safety performance. The performance assessments need to be justified in 
knowledge, and that is one of the major reflections from risk analysis. All statements must be assessed 
upon its knowledge base.  
  
The risk analyses reviewed in this study were not consistent in their approach to predicting risk levels, 
probabilities and acceptance criteria. It varied substantially amongst the companies performing the 
analyses (in total 6 different companies). 
 
 
DISCUSSION 
 
Quantitative risk analysis is a heritage from the nuclear and oil and gas industry. As a comparison, the 
Petroleum Safety Authorities states in the management regulation § 17 that necessary assessments 
shall be carried out of sensitivity and uncertainty [31]. Risk analyses shall be carried out and form part 
of the basis for making decisions when, amongst other (not limited to) identifying the need for and 
function of necessary barriers, identifying specific performance requirements of barrier functions, 
including accident loads used as basis for designing and operating. It is made clear that risk analyses 
are only a tool for identifying barriers, operational constraints etc.  
 
The most important in this study was to demonstrate that there are several uncertainties regarding 
toxicity from the fire smoke in tunnels, and that this is important knowledge to include when 
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mapping the risk picture for existing and new tunnels. Products formed during combustion 
processes can vary substantially depending upon the materials involved, and each individual fire 
scenario should ideally be viewed on a case by case basis due to the large number of variables 
affecting the products formed [8]. For instance, polymeric materials (plastic, resins, fibres and 
foams) are likely to produce high quantities of carbon monoxide upon combustion. Nylons, 
polyurethanes and polyacrylonitriles are polymers that contain large quantities of nitrogen and are 
likely to yield significant amounts of hydrogen cyanide (HCN), nitrogen oxides (NOx) and 
ammonia.   
 
It is important to address uncertainties regarding the toxicity potential in fire smoke in the 
decision-making process for the stakeholders involved, and to highlight that risk needs to be 
understood and managed. Risk is not a static term, it is dynamic, and it will vary. It may be 
important to visualise the range from the most expected cases to the worst case in order to show 
that there may exist more than one outcome of a tunnel fire, than discussed in the prevailing risk 
analyses. Lessons learned from large tunnel fires are many, and they need to be implemented 
when designing new tunnels. The way uncertainty is treated in a randomly selected sample of 
analyses seems to be insufficient. The majority of the analyses concluded that larger fires were 
highly unlikely, and it was too costly to introduce risk reducing measures.  
 
However, what seems to be an acceptable probability for a large fire and who to use the ALARP 
principle varied. There are no stated acceptance criteria for risk in the selected risk analyses. The 
term reference tunnel is often used (comparing against a new tunnel), but it is also mentioned that 
it is impossible to calculate the risk reducing effect of an escape tunnel. We conclude that many 
of the risk analyses are demonstrations of a calculation exercise.  
 
The road authorities in Norway have the vision zero philosophy as a traffic safety ambition. The 
sample of risk analyses in this study does not reflect this statement. The risk analyses seem to be 
about documenting that the risk level is acceptable, and not to find potential barriers that will 
contribute to reduce the risk level. Increasing the knowledge of what is important factors when it 
comes to smoke toxicity and how we can reduce it by introducing barriers, would be a much more 
useful approach to reduce the societal risk.  
 
Further, if there are technical barriers introduced, they need to have a certain level of reliability for 
functioning when needed. The probability of failure of ventilation, used as an important barrier, was 
not mentioned in one of the risk analyses assessed. To determine safety integrity level for existing 
barriers or potential new one would be a step in the right direction. Fire safety risk needs to be 
understood and managed, not just calculated and accepted. Trying to manage and reduce risk require 
risk reducing measures, described as technical, operational and organizational barriers. Barriers shall 
be established that always can: 

1. identify conditions that can lead to failures, hazard and accident situations, 
2. reduce the possibility of failures, hazard and accident situations occurring and developing, 

and  
3. limit possible harm and inconveniences. Where more than one barrier is necessary, there shall 

be sufficient independence between barriers.  
 

In 2006 there was a fire in a heavy goods vehicle driving through the Mastrafjord tunnel in 
Rogaland [32]. The HGV was loaded with car tyres. The smoke filled the entire tunnel portal, and 
inside the tunnel there was a road tanker filled with propane and a bus filled with passengers, 
coming from the ferry from north going south towards Stavanger. All in all, there were 30 cars 
stuck in the tunnel. This accident was a thought-provoking accident, and it shows the potential in 
such an accident. Lesson learnt from previous tunnel fires tragedies requires attention. Stronger 
attention should be given to smoke toxicity in the design phase. Which barriers are possible to 
introduce to reduce the fire risk in a tunnel? Questions that needs to be explored in the tunnel design 
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and the human aspects: 
 

1. What are the current experiments and knowledge base for the empirical models used in fire 
safety when it comes to fire smoke toxicity? 

2. How to manage risk and uncertainties in the design phase regarding exposure to smoke during 
evacuation, to continuously strive for an inherently safer tunnel design? 

3. Is it possible to develop methods to determine different level of incapacitation when exposed 
to fire smoke? 

4. Is the use of human tenability limits beneficial in risk analysis, considering what is adequate 
from a safety perspective often is a political and/or industry question? 

The questions above are important aspects to consider in fire safety engineering. There is a gap of 
knowledge when it comes to incapacitation and long terms effect of being exposed to fire smoke 
during evacuation. Long tunnels with limited possibilities for escape introduces challenges. Modelling 
fires and allowing development of fire scenarios in risk analysis, introduces a need for tenability 
limits and risk acceptance criteria to make decisions. But there is also a need to demonstrate that 
human tenability limits and risk acceptance criteria regarding fire toxicity are beneficial, or if it only 
introduces a perceived level of safety for the asset owner making decisions regarding fire safety in 
public transportation systems.  
 
The risk analysis processes should be improved. The analyses must not be the tool for addressing 
compliance and legitimizing tunnel designs that are based on interests of single parties. Toxicity is a 
vital question, uncertainty must be addressed and discussed amongst the wider span of stakeholders.   
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ABSTRACT 
 
A risk assessment methodology is used in France to help choosing the dangerous good vehicles 
authorised in tunnel. This methodology was updated in order to better take into account ADR 
categories principle and to integrate feedback experience of applications. CETU has proposed two 
major modifications. Firstly, the method, which was mainly based on a binary logic (dangerous goods 
authorised or not), now makes it possible to adopt intermediate solutions in accordance with the 
principle of ADR categories. Secondly, the analysis is now systematically multi-criteria whereas, 
previously, it was only multi-criteria if the risk of death from accident with release of dangerous 
goods was not significant. These two proposals were discussed with specialized companies and 
agreed. Then, CETU has undertaken the development and has taken into account tests performed by 
specialised companies on intermediate versions. The new methodology is now operative and integrate 
the management of unavoidable uncertainties. It mixes systematic approach and scenario-based 
approach in the sense of [1] and also quantitative and qualitative assessments. 
 
KEYWORD: dangerous good, risk analysis, multicriteria approach, uncertainties 
 
INTRODUCTION 
 
Accidents involving dangerous goods are very rare but may have more serious consequences in 
tunnels than in open air. Indeed, in tunnels, space is confined, exacerbating the impact of explosions, 
toxic releases or fires. But, if an incident occurs on a road in the open air with buildings or school 
nearby, the consequences may also be important, even if the phenomena impact is lower than in a 
confined space.  
To address this issue in France, the choice of the dangerous goods vehicles authorised in tunnels and, 
consequently, the ones that will circulate on an alternative route is based on risk assessment. For this 
purpose, an initial method was developed which was a systemic method (in accordance with PIARC 
classification [1]). This method was set up to help choosing the option lowering the whole risk that 
means the risk on the tunnel route and the risk on the open-air route. It also enables to better 
understand and evaluate the risk of dangerous goods vehicles circulation on possible routes. 
In collaboration with specialised companies, it was decided to significantly adapt this method in order 
to include the concept of tunnel categories introduced by the Accord for Dangerous goods by Road 
(ADR) and to integrate the feedback from ten years of the method’s application.  
Two major modifications were therefore carried out. First of all, the method, which was mainly based 
on a binary logic (dangerous goods authorised or not), now makes it possible to adopt intermediate 
solutions in accordance with the principle of ADR categories. Secondly, the analysis is now 
systematically multi-criteria whereas, previously, it was only multi-criteria if the risk of death from 
accident with the release of dangerous goods was not significant. 
The development of this new method was undertaken by the CETU and has taken into account tests 
performed by specialised companies on intermediate versions. This article will present the new 
method that is organised in two stages. 
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Along the whole CETU development process, the management of unavoidable uncertainties was 
subject to special attention and therefore integrated into the methodology itself. This will be 
highlighted in throughout the paper. 
A first chapter will present the dangerous goods transportation (DGT) principles in road tunnels. The 
purpose and criteria of the French DGT risk analysis in road tunnels will subsequently be explained. 
The next chapter will indicate how this risk analysis is organised in two stages, with the succeeding 
chapters dedicated to these two stages. Finally, the risk reduction measures will be presented.     
 
PRINCIPLES OF PASSAGE OF DGTS IN ROAD TUNNELS 
  
This chapter first presents the underlying principles related to the passage of heavy vehicles carrying 
dangerous goods (DGT) in road tunnels. It then defines the concepts of tunnel categories and tunnel 
restriction codes for the carriage of dangerous goods (CDG). Finally, it explains the regulatory 
principles of passage which are based on these concepts.   
 
Basis 
 
The principles related to the passage of DGT in tunnels are based on the fact that this type of vehicles 
generates three main dangers capable of causing numerous victims in tunnels or seriously damaging 
the tunnel structure itself: 
a) serious explosions, which include “very large” explosions and “large” explosions; 
b) major leaks of toxic gas or volatile toxic liquid; 
c) major fires. 
The order in which these dangers are shown above corresponds to the decreasing magnitude of 
consequences in terms of severity and the increasing efficacy of possible protection measures. The 
five tunnel categories defined by ADR were drawn up on the basis of this ranking. 
 
Tunnel categories 
 
According to ADR, passage of DGT in a tunnel may only be restricted by assigning one of the five 
categories described in Table 1 to the tunnel 
 
Table 1 ADR tunnel categories  

Category A  No restriction on DGT 
Category B  Passage forbidden for DGT capable of causing a very large explosion 
Category C  Passage forbidden for DGT capable of causing a very 

large explosion, or large explosion or a major leak of a toxic substance 
(gas or volatile liquid) 

Category D  Passage forbidden for DGT capable of causing a very large explosion, a large 
explosion, major toxic leak or major fire 
 

Category E  Passage forbidden to all DGT (apart from vehicles carrying UN numbers 2919, 
3077, 3082, 3291, 3331, 3359 and 3373)  

 
The choice of category precisely determines which types of DGT are authorised in the tunnel and 
which are not. There is no provision for an exception or modification to the list of DGT authorised / 
forbidden in a tunnel of a given category. 
However, specific operating measures aimed at risk reduction may be applied to some or all DGT 
using a tunnel. These provisions are specified in the last chapter. 
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Restriction codes for the carriage of dangerous goods in tunnels 
 
The regulations specify that each dangerous good is given one of the 4 tunnel restriction codes 
described in Table 2. 
 
Table 2 Restriction codes for carriage of dangerous goods in tunnels 

Code B Goods presenting the risk of a “very large” explosion 
Code C Goods not presenting the risk corresponding to code B 

But presenting the risk of a “large” explosion or major toxic leak 
Code D Goods not presenting the risk corresponding to code B or C 

But presenting a risk of major fire 
Code E Goods not presenting the risk corresponding to code B or C or D 
No code For five dangerous materials, the consequences of an accident involving their 

release in a tunnel are not considered different to the consequences of a similar 
accident in the open air  
These goods have the following UN numbers 2919, 3291,3331, 3359 and 3373 
respectively 

 
To determine the restriction code for its load, the carrier relies on the restriction code for each 
substance shown in table A of chapter 3.2 of the ADR. 
It should be noted that tunnel restrictions, like those for open air, only apply to the vehicles required 
by the ADR to display external signs (orange plates). Also excluded are materials transported in small 
quantities or possibly in small packages. In addition, the ADR regulations do not apply to substances 
used for powering the vehicle. 
 
Principles of passage 
 
DGT may only pass through tunnels of the category listed before its restriction code in alphabetical 
order. For example, DGT with a code C may only pass through tunnels of categories A and B. 
Carriage of the five low risk substances which do not have a tunnel restriction code is thus authorised 
in all tunnels. Table 3 explains this principle. 
 
Table 3 Correlation between tunnel category and DGT restriction code 

Tunnel category Restriction codes for authorised DGT 
A B, C, D, Ea 
B C, D, Ea 
C D, Ea 
D Ea 
E DGT without tunnel restriction code (numbers UN 2919, 3291, 3331, 3359 

and 3373). 
a numbers UN 2919, 3077, 3082, 3291, 3331, 3359 and 3373 are also authorised. 
 
FRENCH RISK ANALYSIS OF DGT IN ROAD TUNNELS: PURPOSE 
 
The risk analysis must enable a choice of tunnel category that minimises the overall risk related to 
DGT, taking into account the route on which the tunnel is located and other possible routes. 
 
The method is limited to giving elements of risk assessment that can facilitate the choice. It consists in 
comparing the five tunnel categories (A to E) in terms of DGT-related risk.  
 
When the tunnel is category A, the carriage of all dangerous goods is permitted in the tunnel. If it is a 
category E, no dangerous goods can be carried in the structure and DGT must take alternative routes. 
The other three (B to D) lead to a distribution of dangerous goods between the route comprising the 
tunnel and any alternative route or routes. 
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FRENCH RISK ANALYSIS OF DGT IN ROAD TUNNELS: CRITERIA 
 
The method is based on the four risk assessment criteria presented below.   
 
Risk of death from type “M” accidents 
 
The death of road users or those in close proximity is a basic element of the risk assessment for the 
carriage of dangerous goods. There are two situations in which an accident involving a dangerous 
goods vehicle could result in the death of users.  
The first occurs if the accident causes a release of the dangerous goods being transported, in which 
case the users and/or local residents may be victims of the consequences of this release. These are 
type “M” accidents. 
In the second situation, a road traffic accident may cause serious injury or death without the release of 
dangerous goods. These are type “C” accidents. 
 
Type “M” accidents have a very low probability of occurrence, but the consequences may be very 
serious and have a significant and traumatic effect on society. Type “C” accidents have a much higher 
probability of occurrence but with less serious consequences. Considering the values of probability of 
occurrence and levels of consequence, the risk of death from type “C” accidents is clearly higher than 
that from type “M” accidents. 
Consequently, if the risk of death was assessed without distinguishing between type “M” and type 
“C” accidents, type “M” accidents would be non-discriminatory and the specific impact they might 
have on society would not then be taken into account. The risks of death related to type “M” accidents 
and type “C” accidents are therefore analysed separately. This separate treatment implicitly gives 
greater weight to accidents liable to cause a large number of deaths and thus manifests an aversion to 
risk in relation to this type of accident. 
 
As a result of the above, the first risk assessment criterion is the risk of death from type “M” 
accidents, i.e. accidents causing the release of the dangerous goods. 
 
Risk of death from type “C” accidents 
 
For the same reasons as those developed in the previous chapter, the second risk assessment criterion 
is the risk of death from type “C” accidents, i.e. accidents not causing the release of the dangerous 
goods. 
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The vulnerability of routes in relation to accidents involving DGT 
 
When assessing vulnerability, the study of each potential route is based on the following issues 
(mainly environmental, economic and urban): 

• The presence of natural sites (mainly watercourses) that might be damaged (for example by a 
fire) or affected by accidental pollution in the event of spillage of a dangerous material 

• The presence of infrastructures (bridges, tunnels), buildings (historical monuments), industrial 
sites, etc., that might be damaged during an accident involving a DGT 

• The presence of population concentrations that might be affected by pollution related to the 
accident or its management (apart from the risk of death covered by the two previous criteria) 
such as, for example, noise or olfactory pollution, and measures restricting residents’ access 
to their homes 

• Constraints that might arise in the case of prolonged closure of tunnels situated on the various 
routes studied (length and duration of the imposed detour, consequences for the local 
economy if, for example, industries are penalised by a longer supply time for dangerous 
goods, etc.) 

• Constraints relating to the serviceability of the different routes, particularly in winter (snow, 
ice), and natural risks (flooding, avalanches, rock falls, landslides, forest fires, etc.) that might 
affect them, as these constraints may complicate the management of an accident involving 
DGT. 

• Distance from rescue services. 
This list is not exhaustive. It should be noted that the mortality of local residents or road users should 
not be taken into account as this is covered by the previous two criteria. 
 
Economic implications of the decision 
 
Independently of the risks related to accidents, which are covered by the previous criteria, the ADR 
category chosen has economic implications for the tunnel owner, carriers and shippers. These impacts 
should be taken into account, particularly: 

• Additional costs of tunnel investment and operation resulting from permitting the passage of 
DGT 

• Costs related to additional measures to be taken to protect the environment (such as pollution 
and noise) in view of the additional traffic occasioned by the DGT 

• The additional costs imposed on shippers and carriers by restrictions which, for example, could 
lead to taking one or more longer alternative routes with possible additional inconveniences 
(such as a high density of traffic, congestion at rush hours, etc.) 

 
A FRENCH RISK ANALYSIS ORGANISED IN TWO STAGES 
 
The method comprises two stages, described in detail in the next two chapters. The first takes the 
form of a simplified analysis, the results of which determine the value of doing a more in-depth risk 
analysis in the second stage. The purpose of this second stage is to compare the levels of risk of the 
different possible tunnel categories.   
 
The general progress of this method is presented in Figure 1 
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Figure 1 flowchart of the method 
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STAGE 1: ASSESS THE TUNNEL’S INTRINSIC RISK  
 
In the first stage, only the “risk of death from type “M” accidents” criterion is used. The intrinsic risk 
(IR) is then assessed. This is the expected value (EV) of death from type “M” accidents occurring in a 
category A tunnel. This EV is calculated by means of the DGQRAM (Dangerous Goods Quantitative 
Risk Assessment Model) software [2]. 
 
DGQRAM presentation 
 
The software quantifies two aspects of the risk: the probability of occurrence of events and the 
seriousness of their consequences. Seriousness can be expressed in several ways by the software but 
only the results relating to death are used here. 
 
A complete assessment of risks of type “M” accidents would require the study of all accident 
scenarios that might occur. It would therefore examine all possible weather conditions, all possible 
kinds of accident with all types of vehicle, fully or partially loaded, possible road traffic offences, etc. 
Since such an assessment is completely unrealistic, simplifications have been introduced. The model 
is based on the following procedure: 

• Selection of a restricted number of representative dangerous goods 
• Selection of some representative scenarios of serious accidents involving these goods, which 

may occur at any point along the route 
• Determination of probabilities that these events might occur 
• Assessment of the effects of these scenarios on users of the route and on residents. In the 

context of this method, this assessment is made using the expected value of death. 
 
Version 4.04 of the software has thirteen basic scenarios considered representative of events resulting 
in numerous victims. They are presented in Table 4 
 
Table 4 list of scenarios included in version 4.04 of DGQRAM 

Scenario 
No. 

Description Capacity Size of breach 
(mm) 

Mass flow rate 
(kg/s) 

1 HGV firea - 20 MW (no 
dangerous material) 

- - - 

2 HGV firea - 100 MW (no 
dangerous material) 

- - - 

3 BLEVEb from a 50 kg bottle of 
LPG 

50 kg - - 

4 Premium petrol pool fire 28 tonnes 100 20.6 

5 Premium petrol VCEc 28 tonnes 100 20.6 

6 Chlorine spill 20 tonnes 50 45 

7 BLEVEb from an LPG tankerd 18 tonnes - - 

8 VCEc from LPGd 18 tonnes 50 36 

9 Jet fire from an LPG tankerd 18 tonnes 50 36 

10 Ammonia spill 20 tonnes 50 36 
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11 Acrolein tanker spill 25 tonnes 100 24.8 

12 Acrolein bottle spill 100 litres 4 0.02 

13 BLEVEb of non-flammable 
gas(CO2) 

20 tonnes - - 

a: Heavy Goods Vehicle 
b: Boiling Liquid Expanding Vapour Explosion 
c: Vapour Cloud Explosion 
d: Liquid petroleum gas 
 
Of these thirteen scenarios, the first two concern fires without dangerous materials, given for 
illustrative purposes and not used as part of this method.  
 
In each case, the scenarios specify the dangerous material leakage rate they cause. However, each 
scenario is then broken down further according to specific circumstances (e.g. weather, location), 
hence the vast number of situations ultimately considered. 
 
Calculation and interpretation of the IR  
 
On the basis of counts conducted out in the field and possibly from future-oriented studies (new 
tunnel project), the number of heavy vehicles transporting dangerous goods (DG) in the tunnel and the 
type of dangerous goods carried are estimated. They are then linked to the 13 representative scenarios 
of the DGQRAM.  
The relationship between categories and scenarios of the DGQRAM software is based on the ADR 
classification of goods used in the scenario. It depends on the tunnel restriction code for the goods 
(code determined from the UN code, the quantity and means of transport). 
 
While the possibility of grouping goods presenting similar characteristics (e.g.: UN no. 1299 
(turpentine oil) and UN no. 1300 (turpentine oil substitute)) into a limited number of representative 
scenarios is not a problem, it might become so when dangerous goods presenting significantly 
different characteristics are linked to the same representative DGQRAM scenario. For example, the 
carriage of diesel in a tanker is frequently linked with the carriage of petrol in a tanker. Petrol is taken 
into account by the DGQRAM model. Due to this connection, the model produces results with worse 
consequences for diesel. This impact on results will always occur when this type of approximation is 
made.  
 
The EV of death is then calculated using the software and constitutes the intrinsic risk. To take 
account of inevitable uncertainties, this result is accompanied by a sensitivity study that varies the 
values of the most important parameters, namely the DGT traffic (doubly) and all vehicle traffic 
(30%, possibly more if justified by the local or national situation). 
 
The IR is then compared to an indicative threshold set at 1/1000. It is not an absolute threshold, but it 
results from an examination of some twenty tunnels that have been the subject of a comparative risk 
analysis. Its value is linked to the modelling accepted in the DGQRAM.  
 
If the IR is below this threshold, the passage of DGT in the tunnel is considered to involve limited 
risks in absolute terms and the existence of the tunnel should not affect the regulations on the carriage 
of dangerous goods to be implemented on the route. We do not therefore proceed to the second phase. 
Before concluding that the IR is below the threshold, the results of the sensitivity study are examined. 
If the IR value is close to the threshold and if the threshold is significantly exceeded when certain data 
are varied within plausible limits, the IR is considered not to be below the threshold. On the one hand 
this strengthens the decision by taking into account, to a certain extent, the inevitable uncertainties.  
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On the other hand, it will prevent the threshold being subsequently exceeded following changes in the 
tunnel project or traffic increases. In this case, it would be necessary to launch the second stage and 
possibly to question choices already made. 
 
If the IR is above the threshold, two cases should be considered: 
• either, in exceptional cases, there is no alternative route. We do not therefore proceed to the 

second stage. However, measures that might reduce risks in the tunnel should be investigated, 
since DGT must necessarily go through the tunnels (category A tunnel) 

• or else, if one or more alternative routes exist; we can then move on to stage 2 of the study. 
 
 
STAGE 2:  COMPARE THE DIFFERENT ADR CATEGORIES IN A MULTI-CRITERIA 
APPROACH  
 
The second stage is only carried out if the findings of the first stage show it is necessary, and is 
subject to the existence of one or more alternative routes.  
 
First of all, it helps to better understand and characterise the DGT risks related to each possible tunnel 
category, each of them involving a different distribution of dangerous goods between the tunnel route 
and the alternative route or routes.  
The possible tunnel categories are A, B, C and D/E. Categories D and E cannot actually be separated 
in the risk assessment of deaths from type M accidents, as the DGQRAM model cannot distinguish 
between them.  These categories are then compared in order to reveal the one presenting the lowest 
level of risk.  
 
The level of risk of each possible category depends on the distribution of DGT between the various 
routes (the one that includes the tunnel and the alternative routes) but also the characteristics of these 
routes. This is the reason why this second stage starts with the selection and study of alternative 
routes. The categories are then analysed, assessed and compared using the four criteria defined above.  
 
This second stage is concluded by a multi-criteria analysis intended to reveal the most appropriate 
category, or possibly categories, with regard to all the criteria. The DGT taken into account on 
alternative routes are only those which would have been able to go through the tunnel, but which are 
prohibited from doing so due to the category considered. DGT travelling on alternative routes, 
whether authorised to use the tunnel or not, should not be taken into account. 
 
 
Situational analysis 
 
The alternative routes to be studied are first defined. It is not generally useful to select and analyse 
more than two alternative routes. The nearest routes should be given priority and the investigation 
should only be expanded if there is a demonstrated need.  
It may be necessary to select alternative routes due to the DGT origin/destination pairs, which 
presupposes that they had been previously identified in the DGT traffic survey. 
 
Each selected route (the one on which the tunnel is located and the alternative routes) is examined in 
detail. This examination gives a better understanding of the route and the issues relating to the 
movement of DGT on that route. It enables a certain amount of data to be collected, namely that 
required for use of the DGQRAM software. This information is essential for analysis of the four risk 
criteria for each of the possible categories. 
For each route, the situational analysis presents: 
• The technical characteristics of the route (geometry, equipment, etc.) 
• The traffic regulations and their enforcement (speed limit, actual speeds, etc.) 
• General traffic excluding DGT: light vehicles, heavy goods vehicles, buses, two-wheeled 

vehicles 
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• DGT traffic with quantified distribution between the different routes (the one on which the tunnel 
is located and the alternative routes) for each possible category of tunnel. The dangerous goods 
taken into account on alternative routes are only those which would have been able to go through 
the tunnel, but which are prohibited from doing so due to the category considered. DGTs 
travelling on alternative routes, whether authorised to use the tunnel or not, should not be taken 
into account 

• Road accident statistics 
• Route surveillance and operation 
• The way the surrounding land is organised according to different uses and any sensitive sites 
• The social situation, particularly population density and possible sensitive zones 
• The environmental situation, particularly natural areas 
• The economic situation. 

 
Comparison of categories according to the “risk of death from type “M” accidents” criterion  
 
The data required for the calculation are collected as part of the situational analysis. The design 
consultancy then uses the DGQRAM model to calculate the expected values in terms of mortality 
(EV) for the possible categories.  
To do this, the relationship is established between goods identified out in the field and the model’s 
“dangerous goods/accident scenarios” pairings for all the routes and not just for the tunnel route. This 
relationship depends on the category under consideration. Indeed, according to this category, the 
model scenarios are brought into play on the tunnel route or on the alternative route or routes. The 
relationship between tunnel categories and scenarios of the DGQRAM model is indicated in Table 5 
 
Table 5 DGQRAM scenarios, distribution between routes according to tunnel category 

 Corresponding scenarios in the 
DGQRAM software 

Categories Tunnel route Alternative 
route(s) 

A 3 to 13 - 

B 3 to 6 and 10 
to13 

7 to 9 

C 3 to 5 and 12  6 to 11 and 13 

D/E - 3 to 13 

 
As an example, Table 6 then shows how the EVs in terms of mortality for each category are obtained 
from the EVs of each route. The EVs of each route depend on the distribution of DGT on these routes.  
In this example, we consider that the tunnel route has 2 alternative routes. DG vehicles which are 
prohibited through the tunnel then take the 2 alternative routes according to the following 
arrangements: 

• DGT with restriction code  “B”: 30% on route 1, 70% on route 2 
• DGT with restriction code  “C”: 40% on route 1, 60% on route 2 
• DGT with restriction code “D” and E: 45% on route 1, 55% on route 2. 
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Table 6 EV for mortality per category on an example 
Category EV on each route 

The index 0 is attributed to the tunnel route, 
Indexes 1 and 2 to the two alternative routes 

EV per category 

A 
1. Tunnel - all DGTs: EV(A_0) EV(A)=ΣEV(A_i) {i=0,1,2} 
2. Alternatives - without DGT: EV(A_1)+EV(A_2) 

B 
1. Tunnel - codes C, D, E: EV(B_0) EV(B)=ΣEV(B_i) {i=0,1,2} 
2. Alternative 1 - code B: 30%: EV(B_1) 

3. Alternative 2 - code B: 70%: EV(B_2) 

C 
1. Tunnel - codes D, E: EV(C_0) EV(C)=ΣEVC_i) {i=0,1,2} 
2. Alternative 1 - code B 30%, code C 40%: EV(C_1) 

3. Alternative 2 - code B 70%, code C 60%: EV(C_2) 

D/E 

 

1. Tunnel without DGT: EV(D/E_0) EV(D/E)=ΣEV(D/E_i ) 

{i=0,1,2} 

 

2. Alternative 1 : code B 30%, code C 40%,  
code D/E 45%: EV(D/E_1) 

3. Alternative 2 - code B 70%, code C 60 %,  
code D/E 55%: EV(D/E_2) 

 
 
Modelling techniques and hypotheses for phenomena brought into play by the software on the one 
hand, and uncertainties about input data on the other, mean that the results must be considered with 
precaution. Their robustness is thus tested by sensitivity analysis on the model’s input parameters, 
namely the local population (20% more or possibly greater if warranted by considerable urban 
development), traffic for all types of vehicle (30% more or possibly greater if warranted by the local 
or national situation) and the accident rate (for example the model’s default rate versus the observed 
rate). 
 
The EVs in terms of mortality for each of the categories (A, B, C, D/E) are then compared two at a 
time (the ratio will always be such that the numerator will be greater than the denominator). The 
difference is assessed as indicated below: 

• If the EV ratio is greater than 10: We consider there to be a significant difference between 
the EVs of the 2 categories 

• If the EV ratio is less than 3: We systematically consider there to be a non-significant 
difference between the 2 categories 

• If the EV ratio is between 3 and 10: We consider: 
o There to be a significant difference between the EVs of the 2 categories only if the 

sensitivity analysis shows situations considered plausible or the EV difference is above 
10 and does not show any situations where it is below three, 

o The difference is otherwise indeterminate. 
 
The results can be shown clearly in a table, an example is Table 7. It lists the comparisons of 
categories for which the difference between the EV in terms of mortality is significant or 
indeterminate. 
  
  

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

329



Table 7 type "M" accidents – EV in terms of mortality – example of comparison of categories 
Category compared B C D/E 

A Non-significant 
difference 

Non-significant 
difference 

Significant difference 
EV(D/E)<EV(A) 

B  Non-significant 
difference 

Indeterminate 
difference 

EV(D/E)<EV(B) 

C  Non-significant 
difference 

Non-significant 
difference 

The indeterminate differences are interpreted with caution particularly for the multi-criteria analysis. 
If, for example, category B presents an EV for mortality greater than category D/E, and the difference 
is indeterminate, this is an argument in favour of a preference for category D/E over category B. This 
argument is not, of course, as strong as if the difference had been significant, and is assessed against 
the other comparisons and criteria. Non-significant comparisons between two categories are of little 
interest, as the order of the comparison can be reversed according to variations within the margin of 
uncertainty.  
 
Comparison of categories according to the “risk of death from type “C” accidents” criterion 
  
For each of the possible categories A, B, C, D/E, the expected value in terms of mortality (EV) from 
type C accidents involving DGT is assessed over the entire network formed by the tunnel route and 
the selected alternative route(s). 
Calculation of the EV is based on the rates of occurrence and deaths from accidents involving heavy 
goods vehicles (HGV). The consequences of a type C accident are actually the same whether the 
HGV is carrying dangerous goods or not since, by definition, there is no release of the dangerous 
goods. The frequency of occurrence differs between the two types of transport as the number of DG 
vehicles on the road is much less. They therefore have difference EVs in terms of mortality. That 
relating to DGT is calculated with the aid of Eq.(1) expressed for two alternative routes 

EV(X) = ∑  2
𝑖𝑖=0 Tacc-HGV(i)*Conv*Ndeath/acccorp-HGV(i)*Ttraf-DGT(i) *365*L(i)      (1) 

• X is one of the four possible tunnel categories 
• Tacc-HGV(i) is the rate of accidents involving at least one HGV on route i 
• Conv=Tacc-corp-HGV(i)/Tacc-HGV(i)*enables us to obtain, for route i, the rate of personal injury 

accidents involving at least one HGV (Tacc-corp-HGV(i)) from the rate of accidents 
involving at least one HGV (Tacc-HGV(i)) 

• Ndeath/acccorp-HGV(i) is the number of people killed per personal injury accident involving 
at least one HGV on route i 

• Ttraf-DGT(i) is the ADAT of all DGTs authorised to drive on route i in view of the category 
X in question.1 

• L(i) is the length of route i  
 
The mathematical expectations in terms of mortality for the categories are then compared two at a 
time determining whether their difference is significant or not. This analysis is extremely dependent 
upon the nature and representativeness of the data used. For the above “death from type “M” 
accidents” criterion, the process for collection of the most crucial data is standardised in France. Type 
of DG and DGT traffic comes from counts out in the field which must comply with a certain number 
of recommendations (number of days, time bands, etc.). This is not the case for the “risk of death 
from type “C” accidents” criterion, where some of the most crucial data, such as that concerning 
accident statistics may be old and/or not collected in the same way, depending on the situation and 
local practices.  
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Consequently, the rules for establishing whether a difference is significant or not must be defined on a 
case by case basis in keeping with the data used (local or by default), their uncertainties and the value 
of mathematical expectations in terms of mortality. For example, a very low mathematical expectation 
is very sensitive to a slight increase in the number of deaths. Particular vigilance must be given to the 
critical analysis of the data used. Default data provided by DGQRAM model could be used if the local 
data aren’t reliable enough.  
As for the previous criteria, the results can be shown clearly in a table. It lists the comparison of pairs 
of categories in which the difference between the mathematical expectations of mortality is 
significant.  
 
Comparison of categories according to the criteria “vulnerability of routes” and “economic 
implications of the decision”  
 
For each of these two criteria, the categories are compared two at a time. This comparison is based on 
the information collected as part of the situational analysis. Its aim is to determine whether, for each 
possible pair of categories, one of the two presents a significant advantage over the other. The 
advantage is considered significant if the category significantly minimises the negative impact of 
dangerous goods on all the routes concerned taking into account the issues identified within each of 
the criteria. The routes concerned include the one with the tunnel and the alternative routes that might 
perhaps be used by DGT prohibited to travel through the tunnel.  
In view of the wide range of possible impacts that depend on the given situation, a comparison of 
categories is mainly qualitative (according to expert opinion). Various methods may be chosen or 
devised to conduct this comparison for each of the criteria. Whichever method is chosen, the findings 
must be substantiated rigorously. It is also important to take into account the inevitable uncertainties 
occurring when conducting the comparison, related to the input data and to the method itself.  
As for the previous criteria, a summary table for each of the two criteria would be helpful for showing 
the results clearly. It lists pairs of categories for which one of the two presents a significant advantage 
over the other.  
 
Multi-criteria analysis 
 
The significant differences noted between pairs of categories are first summarised by criteria. A table 
is drawn up for this purpose. It gives a particularly useful overview for later presentation to the 
stakeholders.  Table 8 is an example. 
 
Table 8 Findings of the comparison of categories according to each criterion 

Category  Type M  
accident 

Type C  
accident 

Vulnerability  
of routes 

Economic impact 

A  Significant 
difference 
EV(A)<EV(D/E) 

Significant 
difference 

A< D/E 

Significant 
difference 

A< D/E 

B  Significant 
difference 
EV(B)<EV(D/E) 

Significant 
difference 

B< D/E 

 

C     

D/E Significant 
difference 
EV(D/E)<EV(A) 
Indeterminate 
difference 
EV(D/E)<EV(B) 
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The multi-criteria analysis is then carried out on the basis of these significant differences. This 
analysis takes account of the great importance given to the risk of death, aversion to the risks created 
by type “M” accidents and the regulations that apply to the tunnel. Particularly convincing arguments 
are necessary so that significant differences in terms of risk of death are challenged by other criteria.  
 
A numerical weighting of criteria is not relevant, particularly in view of the difficulty of putting a 
numerical value on the criteria of “vulnerability of routes in relation to accidents involving DGTs” 
and “economic implications of the decision”. The multi-criteria analysis must bring out the category 
that minimises the overall risk related to the carriage of dangerous goods.  
 
In the example of Table 8, category A presents a significant advantage compared with category D/E 
for the three criteria: “risk of death from type “C” accidents”, “vulnerability of routes” and “economic 
impact”. It nevertheless presents a greater risk of death than category D/E for the type “M” accidents” 
and the difference is significant.  
Category B presents a significant advantage compared with category D/E for the criteria “risk of death 
from type “C” accidents” and “vulnerability of routes”. Category B presents a greater risk of death 
than category D/E for type “M” accidents, but sensitivity studies have not been able to determine 
whether the difference is significant or not. Category B presents no significant disadvantage for any of 
the criteria compared with the other categories. Category B is therefore considered the most 
advantageous in terms of risk related to DGT. 
 
It is important that the analysis is discussed and shared with other stakeholders before making a 
choice of category and routes for the passage of dangerous goods. If passage of all or some dangerous 
goods is permitted in the tunnel, risk reduction measures must be considered. If the category chosen 
by the tunnel owner is a category other than A, a number of dangerous goods will be prohibited in the 
tunnel. French regulations stemming from the ADR requires that an alternative route be indicated for 
these categories. 
The study can propose elements to help select alternative routes to be indicated for DGT prohibited in 
the tunnel. 
 
MEASURES FOR REDUCING DGT-RELATED RISKS IN TUNNELS 
 
When the risk analysis finds that DGT can be authorised in the tunnel, measures aimed at reducing 
risks in the tunnel are planned. These measures may concern both the tunnel itself (civil engineering 
elements, equipment) and its operation. They may consist of passage in convoys or time restrictions. 
These measures are examined in the following paragraphs. 
If the carriage of certain dangerous goods is prohibited in the tunnel (categories B to E), controls must 
be put in place to ensure compliance with this ban. Otherwise, there is a risk of having a potentially 
highly dangerous situation with passage of infringing DGT even though the technical provisions of 
tunnel operations are not suitable for dealing with a potential accident involving them. 
 
Measures concerning the tunnel and its operation 
 
Measures concerning the tunnel, its equipment and its operation are detailed in chapter 7 of the French 
Technical Directive available for download on the CETU website: 

• tunnel geometry preventing accidents in general and the punching of tanks in particular; 
• improvement of drainage with sufficient crossfall and continuous slot drainage channels to 

limit the extent and duration of a pool of inflammable or toxic liquids; 
• reduction of the distance between emergency exits, to allow speedy evacuation of users and 

facilitate access for the emergency services; 
• study of ventilation performance for fires greater than 30 MW; 
• upgrading of equipment for fire detection, communication with users, tunnel closure, fire 

fighting, etc. and improved signage; 
• better operational resources. 
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The Technical Directive is only mandatory for new tunnels on the French State-managed road 
network and some leeway is given with regard to the implementation of certain of the above-stated 
measures in these tunnels, depending on their more or less sensitive nature. The same concept of 
tunnel sensitivity can be used for analysing an existing tunnel. 
 
In addition to the criteria shown in the Technical Directive, the sensitive nature of the tunnel may be 
assessed by using the results of the DGT risks analysis, particularly those of stage 1 which 
characterises the intrinsic risk of the tunnel. These results enable the share of risk of each scenario and 
its order of magnitude to be assessed. 
 
Passage in escorted convoys 
 
In large tunnels, especially two-way tunnels, with toll gates or vehicle control facilities at each 
entrance, provision may be made for all or some DG vehicles to be escorted through the tunnel. These 
vehicles are then grouped into convoys. 
 
Despite the possibility of a domino effect inside the tunnel, the effectiveness of escorted passage in 
terms of increased safety is undeniable, even more so if the tunnel is closed to other traffic while the 
DG convoy is passing through it. 
 
Quantification of this improvement still requires numerous hypotheses which yet are poorly 
understood (reduction of accident and incident rates, probabilities of disasters caused), and would in 
principle require the very structure of the DGQRAM software, designed for continuous traffic, to be 
adapted.  
 
Implementation of escorted passages requires the existence of a vehicle parking area and the 
availability of escort staff, conditions that very rarely occur. An essential point is to make this waiting 
area safe for DGT intended to form part of a convoy. 
 
Time restrictions 
 
It is possible to allocate variable categories to a tunnel according to time of day, day of the week, etc. 
 
The DGQRAM model distinguishes different time periods, and thus makes it possible, for certain 
periods, to see if a comparison between the risks of each possible category of the tunnel leads to a 
modification of the ranking. This may make it possible to plan and optimise time restrictions. 
 
Such an optimisation only produces significant effects if the risk differences between possible 
categories vary considerably, depending on whether or not it is in a period of heavy traffic. This may 
for example occur if peak hours of tunnel traffic correspond to the presence of low numbers of 
residents along alternative routes and vice versa. 
 
In general, we only see an advantage in applying a time restriction to the whole day and not just at 
peak hours. As with escorted passages, a parking area has to be provided and made safe. 
 
Restrictions applying to DGT during peak hours may be beneficial when the DGT traffic is mainly 
local. Peak hours are actually often periods of high traffic volumes with possible passage of regular 
lines of school buses. It is useful to approach the local businesses concerned with regard to 
information delivery to ensure compliance with these restrictions, and consultation so that the 
businesses make appropriate arrangements. 
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CONCLUSION 
 
With the newly developed method, risk analysis related to DGT in France is based on 4 criteria and a 
two-stage method. 
The first criterion concerns the risk of death from type “M” accidents (with occurrence of dangerous 
phenomena related to the goods carried), the second to the risk of death from type “C” accidents 
(without dangerous phenomena related to the goods carried). The next two criteria are respectively the 
vulnerability of routes in relation to accidents involving DGT and the economic implications of the 
decision.  
 
The first stage only brings the first criterion into play and enables to determine whether the passage of 
DGT in the tunnel is an issue. If not, the method stops there, and the tunnel owner chooses DG passage 
arrangements. Conversely, if there is at least one alternative route, the second stage is considered. This 
second stage provides a comparison of the levels of risk of possible tunnel categories (category A, B, 
C and D/E) on the basis of 4 criteria. Each category involves a different distribution of DGT on the 
tunnel route and on the alternative routes.  
 
For the first and second stages, particular care is given to the consideration of uncertainties, by means 
of sensitivity studies of the results and analysis of the significance of differences between categories for 
each criterion considered.  
 
The second stage ends with a multi-criteria analysis that only includes relevant differences between 
categories and enables the category that minimises the overall DGT-related risk to be identified (both 
for the tunnel route and for the alternative route or routes). This analysis is discussed and shared with 
the other stakeholders before the tunnel owner makes its choice. 
 
If the choice involves DGT passing through a tunnel, risk reduction measures are planned and may 
concern the tunnel itself and its operation, including passage in convoy and time restrictions.   
 
Unlike the previous method, this new version can no longer really be classified as a systemic method 
in the sense of [1]. In fact, the previous method was mainly based on the current first criterion (risk of 
death related to type “M” accidents) which is the subject of systemic treatment through the DGQRAM 
model to calculate the expected values in terms of mortality. The other criteria were only used if this 
first criterion did not allow any findings to be made. At present, the analysis is systematically multi-
criteria, thus mixing not only systematic approaches and scenario-based approaches in the sense of [1] 
but also quantitative and qualitative assessments.  
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ABSTRACT 
 
The project reported in this paper has been organized to scrutinize current incident data on near fires 
and fully developed fires in Norwegian road tunnels longer than 500 meters. This length is chosen 
because it is assumed that shorter tunnels are less critical in case of fires. There has been a huge effort 
in collecting data and transfer them into formats that has enabled mathematical modelling. The major 
issue of this work has been to resolve: What are the major contributing tunnel infrastructure factors 
leading to heavy goods vehicles fires in Norwegian tunnels? By using Poisson regression modelling 
several models are developed showing good fit with the observations. All models revealed that slope, 
length, annual average daily traffic of heavy goods vehicles, and whether a tunnel is subsea, are the 
significant factors. The most important factor is the subsea factor. This interacts with certain other 
factors revealing that subsea tunnels with excessive attributes are really exposed to HGV fires. The 
work discusses weaknesses in the data material, and that there are a number of other interesting 
factors, for example related to the state of HGVs and driver behavior that are currently missing. The 
research potential is huge in order to improve the models and the understanding of HGV fires in 
tunnels. 
 
KEYWORD: Poisson regression models, tunnel fire incidents, tunnel slope, subsea tunnel, tunnel 
length, Annual average daily traffic heavy goods vehicles  
 
 
 
INTRODUCTION 
Studying real world phenomena related to complex systems using mathematics is challenging. The 
work [1] presented in this paper assesses fire incidents in Norwegian road tunnels. 
 
Framing the issue 
Norway has more than 1200 road tunnels, which have been erected and put in operation from the year 
1891 (Eidfjord tunnel), and there are still many tunnels under construction. Their design varies from 
single tube “black holes” to dual tube fully equipped tunnels addressing high quality safety 
considerations. Tunnels are elements of the road transport infrastructure in Norway, which is also of a 
varied quality. However, Norway is amongst the safest countries in the world when we regard risk of 
traffic accidents termed Vision Zero accidents [2]. These accidents are characterized by fatalities or 
seriously injured victims. These terms for recording incidents are internationally agreed upon. Elvik 
and Mysen [3] have documented weaknesses in the reporting systems with regards to whether 
incidents are actually reported as they should. The police is responsible for incident reporting on roads 
encompassing injuries to road-users.  
 
Statistics of incidents in tunnels encompassing near fires and fires in heavy goods vehicles (HGVs) 
should also be carefully considered. The fire departments are responsible for the reporting, which has 
been exposed to changes over years. In order to improve the statistics the Norwegian Public Roads 
Administration (NPRA) launched studies to map the incidents [4, 5]. 
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Regarding major fires, for example seen in Europe approximately twenty years ago (Mont Blanc, 
Tauern and St. Gotthard tunnels), Norway has not seen such events. The fire accidents in Norway have 
not included fatalities from smoke intoxication. Since 2011 Norway has experienced a number of 
HGV fires, which under different circumstances very easily could have developed into cascades as 
seen in Europe. Njå and Kuran studied the fire in the Oslofjord tunnel in 2011 [6]. They claim that 
tunnel fire safety should be improved in Norway, based on various characteristics with the tunnel 
design that emerged, such as: 
 

• It takes too long time before road-users realize dangerous situations in tunnels and prepare for 
self-evacuation. 

• The organizing of self-evacuation is arbitrary and to a very little extent adapted for the road-
users’ needs. 

• The road-users do not possess knowledge of tunnel fires. 
• Knowledge of fire dynamics, heat development and smoke dispersion in tunnels is weak. 
• Easy accessed information about Norwegian road tunnels and fire protection strategies is 

lacking. 
• The buyer of transport services, transport salesmen, forwarding agents, transport companies 

and drivers of HGVs containing large amount of energy has been very little considered and 
scrutinized with respect to their roles and responsibilities regarding major fires in tunnels. 

• The individual victims’ post traumas and stresses is underrated. 
 
 
Introduction to heavy goods vehicles seen from a fire occurrence perspective  
Most trucks use diesel engines due to its superior power efficiency. The introduction of eco-diesel has 
lowered the ignition temperature, which represents an increased fire hazard from leakages. Electronic 
fuel injection increases accuracy and optimize the working loads of the engines. Lube oil and cooling 
systems both ensures that the engine operates within tolerable limits and avoids high temperatures. 
Malfunctions, wearing and failures in these systems have provided fire occurrences, either as hot 
surfaces igniting fuel material in its surroundings, or sudden damages leading to breakages of pipes 
and hoses containing substances that ignites at lower temperatures. The exhaust systems contain gas in 
elevated temperatures that is also a hazard if there is malfunctions in the insulation design. In addition 
to traditional petrol based engines, now new fuel systems, such as electric motors and hydrogen-based 
motors will change current challenges seen from the HGV fires. 
 
Defect brakes on some shafts/wheels introduce instabilities, which are a fire hazard. Personnel in the 
transport industry claim that many of the foreign HGVs coming to Norway are not fit for purpose, 
both the designs (e.g. two-axle, tires) and the maintenance level. However, the situation seems now to 
be improved amongst the foreign HGVs. 
 
Fires are always caused by a compound of several factors that includes how the systems are operated, 
maintained and constructed. Design weaknesses are also part of this. For example, there might be 
spaces between the carrier and the engine room that enables substances easily ignited to enter the 
engine room. 
 
The electrical systems are a fire hazard, either from erroneous use, from damaged insulation or 
junctions, or components such as the dynamo. The engine room is filled with polymer-based products 
and rubber hoses that will sustain fires once occurred. Leakages of hydraulic fluids, lube oils, diesel 
oils are critical. Some of the fuel systems contain high pressures that could worsen the situation after 
ignition. Fires might develop very fast. 
 
Wheel bearings are another area that might provide heated zones and fire occurrences in tires and 
surrounding substances. Tires might also catch fires in certain conditions. The wheel areas containing 
shafts, half-shafts, sun wheel, brakes, bearings and tires are complex and need to be carefully 
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considered as a fire hazard. A diesel storage tank of approx. 500 liters also contribute to the risk image 
of fire occurrences in HGVs. 
 
The need for modelling tunnel characteristics leading to HGV fires 
The potential for severe accidents (>5 fatalities) stems from HGV fires not being controlled and/or 
containing toxic substances either as dangerous goods or from fire effluents. The fire ventilation 
strategy for Norwegian tunnels is longitudinal with high velocities transporting the smoke that 
includes toxic fire effluents with velocities of 3 m/s and higher. The airflow is from the tunnel 
entrance where we find the prominent fire department, towards the other side regardless of where in 
the tunnel the fire occurred. The two fires in the Gudvanga tunnel (2013 and 2015) both included 
transport of smoke over large sections, more than 8 kilometers. Some victims were engulfed in smoke 
for approximately 90 minutes before reaching the entrance or being rescued by first responders. 
 
Exposure to toxic fire smoke and gases [7] cause injuries and deaths in fires. The traditional terms of 
assessing fire safety of humans are connected with the outcome of two parallel timelines. These are the 
time from ignition of the fire to the development of incapacitating conditions (ASET) and the time 
required for tunnel users to reach a place of safety (RSET) [8, 9]. When occupants become immersed 
in smoke, behavioral, sensory and physiological effects occur. Toxic fires effluents are responsible for 
the majority of fire deaths and an increasingly large majority of fire injuries [7]. According to 
Langeland [10], there must develop a cascading accident if HGV fires in tunnels shall be fatal. 
 
Current research and state of the art regarding tunnel fire safety are mostly concerned with conditions 
after ignition and how the fire dynamics affect structures, equipment, and rescue and evacuation 
conditions [11, 12]. This research yields fire dynamics, fire ventilation, evacuation systems and 
behavior, and fire extinguishing technologies that have been explored using various perspectives and 
research designs. Tunnel fire risk assessments encompass estimated fire frequencies, but these 
frequencies are rough estimates mostly based on “engineering judgements”, thus no in depth evidence 
on why and how fires occur are normally included in such analyses. 
 
Accident investigations are also very scarce on showing solid evidences of why and how fires occur, 
and which factors that contribute to the ignition and sustained fires in HGVs. This is quite odd when 
we consider the vast experiences with Norwegian risk management practices that emphasize 
knowledge based assessments and risk reducing measures prioritizing fire prevention. In Switzerland, 
at the entrances of the St. Gotthard tunnel, the tunnel owner has installed assemblies of temperature 
sensors monitoring hazardous conditions in HGVs before entering the tunnel.  
 
The major issue then became; 
What are the major contributing tunnel infrastructure factors leading to HGV fires in Norwegian 
tunnels? 
 
 
INCIDENT DATA EMPLOYED IN THE STUDY 
 
We accessed all data material available from the Norwegian Public Roads Administration (NPRA), the 
Institute of Transport Economics (TØI), the Directorate for Civil Protection (DSB) and the Accident 
Investigation Board Norway (AIBN). This material does not contain records on driver behavior or 
technical conditions of the vehicles involved. Hence, the work consisted of developing models from 
tunnel characteristics and traffic flow. Sources of data: 
 

• Road tunnels and road tunnels geometry from the NPRA. 
• Roadmap (Vegkart) [13]. 
• Data of road tunnel fire incidents from 2001-2015 [3]. 

The data has been accumulated such that every road tunnel in Norway longer than 500 m is included 
(except a few due to missing data). An Excel sheet of road tunnels and road tunnels geometry has been 
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provided by the NPRA. It was the starting point used to sort and collect data on each tunnel, and also 
to gather information about the tunnels. In total 485 unique tunnels have been used out of the 538 
tunnels in Norway longer 500 meter (there are totally 1202 Norwegian tunnels). Other variables such 
as slope, length and annual average daily traffic (AADT) has been obtained from the NPRA’s data 
material. 
 
TØI’s data on fire incidents has been used to count fire and near fire incidents in HGVs in road 
tunnels. If we include the cases where fire has not yet been fully developed and recorded, the data 
from Nævestad et. al. [3] shows that on average 9.4 incidents occurs in HGVs each year in Norwegian 
road tunnels. We emphasize that these fires are fires that have occurred without external influences, 
such as collisions with other vehicles or the tunnel walls. Table 1 shows the number of HGV fires and 
near fires that occurred each year due to technical failure. 
 
Table 1  Fully developed fires and near fires due to technical failure in HGVs in tunnels from 

2001 to 2015. 
 

Year Fire/near fire 
in HGVs 

Year Fire/near fire 
in HGVs 

2001 1 2009 7 
2002 0 2010 13 
2003 7 2011 18 
2004 7 2012 11 
2005 6 2013 16 
2006 9 2014 19 
2007 3 2015 13 
2008 11 Total 141 

 
 
We explored all Norwegian tunnel fire data in order to establish models of the tunnel characteristics 
contributing to the frequency of HGV fires.  
 
 
REGRESSION MODEL FOR FIRE OCCURRENCES IN HEAVY GOODS VEHICLES IN 
ROAD TUNNELS 
 
We applied Poisson regression models to analyse our data. The goal was to estimate the impact of 
tunnel infrastructure factors and traffic volume on the rate of developing and fully developed fire 
incidents in HGVs due to technical failures in road tunnels.  
 
Variables 
For each tunnel we have gathered data of 11 different variables explained below. These are variables 
that we expect will influence fire accidents in road tunnels, and also variables that are measurable and 
can be collected from available sources.  
 
Fire incidents, or more specifically, developing or fully developed fires in HGV in tunnels due to 
technical failure is our response variable. We wish to model which factors influence the number of fire 
incidents. We have used TØI’s data of incidents that has been collected from the years 2001-2015, see 
Table 1. Developing fires are also denoted near fires, and the criteria of its recordings is questionable, 
but we have used TØI’s recordings without scrutinizing their basis. 
 
Number of years with data is an exposure parameter, 𝑡𝑡𝑖𝑖, for the modelling approaches. Since the data 
of accidents ranges from 2001-2015, the number of years with data has a maximum of 15 years, 
depending on whether or not a specific tunnel has been in operation all these years. If a tunnel was 
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opened in 2011, it has only been exposed to incidents for 5 years. 
 
The variable "length" is the length of each tunnel.  
 
Length downward and upward are measurements of how far into the tunnel the incline descend or 
ascend. Since downward and upward lengths are relative to the direction of the vehicle entering a 
tunnel, we do not know what is up and what is down. We have therefore chosen to let the longest 
length up or down to be length up, and the shortest to be length down. 
 
Slope is a variable representing the maximum slope of a tunnel. Slope downward and upward are 
average slopes downward and upward, respectively. The NPRA data of tunnel geometry has been used 
for both slopes and lengths. 
 
Annual average daily traffic (AADT) is a measurement of how many vehicles drive through a tunnel 
on average each day. The NPRA's roadmap [13] has been used to collect data of AADT and AADT for 
heavy goods vehicles. The roadmap does only show AADT for 2017. If AADT has been changing 
over the years, which it presumably has, the fact that NPRAs roadmap only gives AADT for 2017 may 
cause an inaccuracy in the analysis. Thankfully, a recent study by TØI [14] tackles this problem by 
presenting AADT development for private and freight transport in Norway from 2005 to 2017. 
 

 
Figure 1 AADT development for personal and freight transport in Norway from 2005 to 2017 [14]. 
 
 

 
Figure 2 Relative traffic work from 2005 to 2017 [14]. 
 
The relative traffic work is the relation between the developments in private transport vs. freight 
transport. Note from Figure 1 that private transport seems to increase steadily. In fact, personal 
transport increase approximately linearly. By using this linearity, we can conclude that the average 
AADT of personal transport from 2001 to 2015 is approximately equal to the median AADT for these 
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years, i.e AADT in 2008. Thus, the average total AADT is equal to the AADT for 2017 multiplied by 
a factor of 1.06/1.19, see Figure 2. Annual average daily traffic for heavy goods vehicles is assumed to 
be approximately unchanged over time, and we will therefore use the 2017 AADT found in the 
NPRA's roadmap for the AADT for heavy goods vehicles. 
 
Subsea is a variable that indicates whether a tunnel is subsea or not. If a tunnel is subsea, it is coded 
with a value of 1 and 0 otherwise. Subsea tunnels are particularly interesting, as they tend to have an 
extreme geometry. 
 
Poisson regression 
For modelling fire occurrences in heavy goods vehicles we have applied two distinct models. In the 
first model, we estimate incidents per tunnel using the infrastructure and AADT variables as 
covariates, with "Number of years with data" as an exposure parameter. Let Yi  denote the number of 
fire incidents in tunnel i and let Ni be the number of years with data. Then the Poisson regression 
models for the expected number of incidents in tunnel i can be written: 
 

 𝐸𝐸(𝑌𝑌𝑖𝑖) = 𝑡𝑡𝑖𝑖𝜆𝜆𝑖𝑖 = 𝑁𝑁𝑖𝑖𝑒𝑒𝒙𝒙𝒊𝒊𝜷𝜷 
 

(1) 

where the term 𝜆𝜆𝑖𝑖 = 𝑒𝑒𝒙𝒙𝒊𝒊𝜷𝜷 = 𝑒𝑒𝛽𝛽0+𝛽𝛽1𝑥𝑥1𝑖𝑖+⋯+𝛽𝛽𝑘𝑘𝑥𝑥𝑘𝑘𝑖𝑖 models how the covariates affect the rate of events 𝜆𝜆𝑖𝑖. 
The vectors 𝒙𝒙𝑖𝑖 =  [1, 𝑥𝑥1, … , 𝑥𝑥𝑘𝑘]𝑖𝑖 and 𝜷𝜷 =  [𝛽𝛽0,𝛽𝛽1, … ,𝛽𝛽𝑘𝑘]𝑇𝑇 are covariates and the parameters 
(estimated from the data), respectively. Finally ti represent how large fraction of the 15 years period 
the tunnel has been in use.  Notice that we often interpret 𝛽𝛽𝑗𝑗 in terms of 𝑒𝑒𝛽𝛽𝑗𝑗 which is the rate ratio (i.e. 
relative increase/decrease in rate) corresponding to a one unit increase in covariate j.  
 
In the second model, we let the intensity 𝜆𝜆𝑖𝑖 describe the intensity of incidents per unit length and time  
using the same covarirates as before except length which now is used as an exposure parameter 
together , with Number of years with data. 
 

 𝐸𝐸(𝑌𝑌𝑖𝑖) = 𝑡𝑡1𝑖𝑖𝑡𝑡2𝑖𝑖𝜆𝜆𝑖𝑖 = 𝐿𝐿𝑖𝑖𝑁𝑁𝑖𝑖𝑒𝑒𝒙𝒙𝒊𝒊𝜷𝜷 
 

(2) 

where 𝐿𝐿𝑖𝑖 is the length and 𝑁𝑁𝑖𝑖 is the number of years with data for each tunnel. 
 
The analysis process was iterative and detailed, but cannot be included in this paper. Rather we 
summarize some of the main results. 
 
 
RESULTS 
 
For each model we started by estimating each covariate separately in univariate models. The results 
showed for both models that all covariates were significant when estimated separately. 
We then estimated the effect of all covariates simultaneously in multiple models. Since several of the 
covariates are highly correlated not all should be included in the final multiple model.  We thus run a 
backward elimination procedure  until we ended up with only significant covariates. The results for 
model 1 (incidents per tunnel) are depicted in Table 2. 
 
Table 2. Multiple model with insignificant covariates excluded. Number of observations: 485; 

offset: Number of years with data; AIC = 494.99 
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From Table 2 we can e.g. read out that subsea tunnels have an estimated incidence rate which is 5.7 
times higher than non-subsea tunnels and that a one degree increase in slope increases the incidence 
rate by a factor 1.13. Notice that AADT HGV is measured in units of 1000 vehicles.  
 
By analyzing goodness of fit for the model from Table 2, we found two influential observations, see 
Figure 3. These two points are marked with a circle. The points represent the Lærdal tunnel (24 km 
long, AADT 533) and the Vålerenga tunnel (832 m long, AADT 7638). Both the Lærdal tunnel and 
the Vålerenga tunnel have had 2 accidents in 15 years. Since the Lærdal tunnel is extremely long 
compared to other tunnels, it will get a large predicted number of accidents relative to its observed 
accidents. This explains why the residual it comes out as extreme on the residual plot. 
 
Similarly, the Vålerenga tunnel has a high number of annual average daily traffic compared to other 
tunnels giving it a large predicted number of accidents. However, the Vålerenga tunnel is not as 
influential as the Lærdal tunnel. 

 
Figure 3. Plot of standardized deletion residuals vs. 𝒙𝒙𝑖𝑖𝜷𝜷�.The Lærdal tunnel and the Vålerenga 

tunnel are marked with red circles. 
 
We can also plot a measure called Cooks distance versus observation number to detect influential 
observations. Large values of Cooks distance may indicate that the 𝑖𝑖th observation is influential. A 
general rule of thumb; Cooks distance greater than unity may require further investigation [15]. From 
Figure 4, we see that the Lærdal tunnel is clearly influential. Although the Vålerenga tunnel seems to 
be okay in this plot, its Cooks distance 𝐷𝐷𝑖𝑖 > 1, and may be influential. 
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Figure 4 Cooks distance vs. observation number 
 
These two plots give us a good indication to eliminate the Lærdal and Vålerenga tunnel from the 
model developed from Table 2. By doing so we get the results in Table 3. 
 
Table 3 Excluded the Lærdal and the Vålerenga tunnel from the model in Table 2. Number of 

observations: 483; offset: Number of years with data; AIC = 455.33 

 
 
Although the residuals are not perfect, they behave much better now without these outliers. We have a 
tail below the zero-line that represent mostly tunnels without accidents. Points above the zero-line are 
tunnels with accidents and they are more spread due to variation of observed and predicted accidents. 
 

 
Figure 5 Plot of standardized deletion residuals vs. 𝒙𝒙𝑖𝑖𝜷𝜷� and Cooks distance without the Lærdal 

tunnel and the Vålerenga tunnel. 
 
A special case – the Ryfast-tunnel 
A new Norwegian subsea tunnel is under construction, called the Ryfast tunnel. The tunnel will have a 
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slope and length of 7% and 13.95 km, respectively. According to (KS2 – the Quality Assurance 
study), the AADT has been estimated to be 4200, where approximately 10% will be heavy goods 
vehicles [16]. We tested the model for this particular tunnel for prediction of the number of accidents 
the next 15 years. By using Equation 1 with estimated parameters found in Table 3, we got 
 

 𝐸𝐸(𝑌𝑌) = exp(−3.61 + 0.14 ∙ 7 + 0.34 ∙ 13.95 + 0.63 ∙ 0.42 + 1.22) = 36.51 (3) 
 
More than two fire incidents each year the next 15 years seemed highly unlikely. 
 
According to the model, the effect of length is exponential. The Ryfast tunnel is an extreme tunnel 
compared to other tunnels in the model. It is subsea and longer than any other tunnel in our data. With 
these attributes, the Ryfast tunnel would be considered an outlier in the model. However, we could try 
to overcome this issue by transforming one or more of the covariates by a function of the covariates 
best fit to even out these covariates, 𝑥𝑥𝑖𝑖 → 𝑓𝑓(𝑥𝑥𝑖𝑖). Polynomial and logarithmic functions are strong 
candidates. By analyzing the model found in Table 2, the logarithmic function seemed to be the best 
candidate. Transforming length and AADT produced a model that better fitted both longer and heavy 
loaded tunnels. Thus, we tested the model 
 

 𝜆𝜆𝑖𝑖 = 𝑒𝑒𝛽𝛽0+ 𝛽𝛽1 log(𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ)+𝛽𝛽2 log(𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇)+𝛽𝛽3𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝐿𝐿𝑆𝑆 (4) 
 
With both Lærdal and Vålerenga tunnels included, this transformation yielded the results in Table 4 
 
Table 4 Transformed length and annual average daily traffic in Table 2. Number of observations: 

485, offset: Number of years with data; AIC = 413.02 

 
 
 

 
Figure 6. Plot of standardized residuals vs. 𝒙𝒙𝑖𝑖𝜷𝜷� and Cooks distance for the model in Table 4. 
 
Notice that the estimate effect of a tunnel being subsea now is reduced to the more reasonable rate 
increase of a factor 1.77. 
The Lærdal tunnel which previously had a Cook’s distance 𝐷𝐷𝑖𝑖 > 40, became now reduced to less than 
0.10. The Lærdal and the Vålerenga tunnels were no longer an issue when the effect of length and 
AADT HGV is no longer modelled as an exponential function and these tunnels could thus be 
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included in further modelling. Predicting incidents in the Ryfast tunnel using the new results from 
Table 4: 
 

 𝐸𝐸(𝑌𝑌) = exp(−2.32 + 0.19 ∙ 7.00 + 1.15 log 13.95 + 0.97 log 0.42 + 0.57) = 5.87 (5) 
 
which seemed more reasonable. 
 
The modelling for the incidents per length model (model 2) was carried out in a similar way as the 
model 1. The results are presented in Table 5. 
 
Table 5 Final model for the second model. Number of observations: 485; offset: Number of years 

with data and Length; AIC = 412.58 

 
 

 
 

 
Figure 7 Plot of standardized deletion residuals vs. 𝒙𝒙𝑖𝑖𝜷𝜷� and Cook’s plot. 

 
 
Sub-models 
It is interesting to classify tunnels based on some properties we wish to examine and see if the 
conditions are the same in subsets compared to the entire dataset. We considered various subsets of 
our dataset, performed regression analysis and compared the results to previous results. Since the log-
transform models found in Table 4 and 5 gave the best fit, we primarily considered these models when 
we compare the models.  
 
We have tested “subsea versus non-subsea tunnels” and “tunnels longer than 4 km versus tunnels 
shorter than 4 km”. The results show that the effect of AADT HGV has been increased for both 
models when including only subsea tunnels compared to effect of AADT HGV in the complete 
dataset. Moreover, the variable “subsea” is no longer significant when considering tunnels shorter than 
4 km. This may indicate that the risk of fire accidents in short subsea tunnels is low. 
 
To get a better understanding of the results from the sub-models, we have compared them with both 
models by estimating parameters in univariate models. The results of model 1 compared to various 
sub-models can be found in Table 6. 
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Table 6: Parameters estimates of univariate Model 1 and various univariate sub-models. 
Significance levels: 0.0001 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 

 
 
 
Notice the effect of AADT HGV is substantially larger for subsea tunnels compared to non-subsea 
tunnels. Increasing annual average daily traffic of HGV by 1000 in a subsea tunnel will result in an 
increase in the accident rate by a factor of 𝑒𝑒2.38=10.8 , compared to 𝑒𝑒0.52=1.68 in a non-subsea 
tunnel.. Furthermore, the effect of subsea for short tunnels have decreased drastically. 
 
By comparing parameters of model 2 and various sub-models we get the results in Table 7 
 
Table 7: Parameters estimates of univariate Model 2 and various univariate sub-models. 
Significance levels: 0.0001 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 

 
 
 
Again, the effect of AADT is substantially larger for subsea tunnels. 
 
Since some of the variables seems to have different effects for different subsets of the data, we may 
want to consider performing an analysis of the models where we include an interaction term between 
certain variables. 
 
Interaction 
We first tried a model with both interaction for length and subsea and AADT HGV and subsea, but 
then none of the interaction were significant. By only including the interaction between length and 
subsea we get the results in Table 8: 
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Table 8: Eliminated the interaction of AADT HGV and subsea from Table 7. 
Number of observations: 485, offset: Number of years with data. AIC = 410.72 

 
 
The predicted number of accidents in tunnel 𝑖𝑖 is now given by 𝐸𝐸(𝑌𝑌𝑖𝑖) =
𝑡𝑡𝑖𝑖𝑒𝑒𝛽𝛽

�0+𝛽𝛽�1𝑆𝑆𝑖𝑖+𝛽𝛽�2 log𝐿𝐿𝑖𝑖+𝛽𝛽�3 log𝐴𝐴𝑖𝑖+𝛽𝛽�4𝑆𝑆𝑖𝑖+𝛽𝛽�5 log𝐿𝐿𝑖𝑖∙𝑆𝑆𝑖𝑖, where 𝑠𝑠𝑖𝑖, 𝐿𝐿𝑖𝑖, 𝐴𝐴𝑖𝑖, 𝑆𝑆𝑖𝑖 are slopes, lengths, AADT HGV and 
whether or not a tunnel is subsea, respectively. Since 𝑆𝑆𝑖𝑖 = 0 for non-subsea tunnels and 𝑆𝑆𝑖𝑖 = 1 for 
subsea tunnels, we interpret these results the following way 
 

• The effect of log(Length) in subsea tunnels is the combined effect of log(Length) and 
log(Length) ∙ Subsea  (i.e. �̂�𝛽2 +  �̂�𝛽5 = 1.06 + 0.93 = 1.99) 

• The effect of log(Length) in non-subsea tunnels is the effect of log(Length) (�̂�𝛽2 = 1.06) 
 
Notice that the rate of fire accidents increases approximately linearly with length for non-subsea 
tunnels (�̂�𝛽2 = 1.06), while it increases approximately quadratically for subsea tunnels (�̂�𝛽2 + �̂�𝛽5 =
1.99). Thus, doubling the length of a non-subsea tunnel should double the rate of accidents, while 
doubling the length of a subsea tunnel should quadruple the rate of accidents. 
 
AADT HGV seems to have a greater effect on subsea tunnels in the second model too. We will 
therefore analyze the interaction of AADT HGV and subsea for the second model, similarly to what 
we did for the first model. Since length is an offset in the second model, we will not be able to analyze 
the interaction of length. Including the interaction of AADT HGV and subsea in Table 5 we get the 
results in Table 9. 
 
Table 9: Interaction of AADT HGV with subsea included in Table 5. 
Number of observations: 485, offset: Number of years with data and Length. AIC = 409.30 

 
 
Notice in particular the AIC value for each model in Table 8 and 9. The AIC is a measure of goodness 
of a model where the lower value the better. Since neither model have any influential observations, the 
model which gives the best fit is in Table 9. 
 
 
FINAL STATISTICAL MODEL 
 
Statistically, the model in Table 9 is the best model, and should primarily be used for modelling the 
rate of fire incidents in Norwegian road tunnels. However, we should also consider the model in Table 
8 as it captures the interaction of length and subsea. Both models fits the data almost equally. 
 
When estimating fire accidents in tunnels with distinct tunnel characteristics and in particular when 
one variable differentiate substantially from other tunnels in the data material, the models mentioned 
above will also vary from each another. Estimating fire accidents in the Ryfast tunnel using the model 
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found in Table 9, we get 
 

 𝐸𝐸(𝑌𝑌) = 𝐿𝐿𝐴𝐴𝛽𝛽�3+𝛽𝛽�5 𝑒𝑒𝛽𝛽�0+𝛽𝛽�1𝑆𝑆+𝛽𝛽�4𝑆𝑆 = 4.05 (6) 
 
Estimating fire accidents in the Ryfast tunnel using the model found in Table 8, we got 
 

 𝐸𝐸(𝑌𝑌) = 𝐿𝐿𝛽𝛽�2+𝛽𝛽�5𝐴𝐴𝛽𝛽�3𝑒𝑒𝛽𝛽�0+𝛽𝛽�1𝑆𝑆+𝛽𝛽�4𝑆𝑆 = 12.91 (7) 
 
Clearly, the predicted fire accidents estimated by the two models is considerably different. 
 
The predicted incidents using the model in Table 8 increases approximately quadratic with length. 
Since the Ryfast tunnel is almost twice as long as the longest tunnel in the data material, we get the 
same problem as we did with the Lærdal tunnel, only this time due to polynomial growth. 
 
Although both models fits incidents well in the data material, the predictions get problematic when 
estimating tunnels far away from the data material. We are not sure which model we should trust in 
such cases. 
 
For a more practical approach, we could also consider using the model in Table 7. Even though the 
interactions are insignificant, it encapsulate all interactions and might, in some cases, give us a better 
representation of the predicted fire accidents. Estimating fire accidents in Ryfast tunnel using this 
model, we got 

 𝐸𝐸(𝑌𝑌) = 𝐿𝐿𝛽𝛽�2+𝛽𝛽�6𝐴𝐴𝛽𝛽�3+𝛽𝛽�7𝑒𝑒𝛽𝛽�0+𝛽𝛽�1𝑆𝑆+𝛽𝛽�5𝑆𝑆 = 8.59 (8) 
 
 
 
DISCUSSION AND CONCLUSIONS 
 
The statistical modelling showed that the key factors influencing fire incidents in road tunnels were; 
slope, length, annual average daily traffic and whether a tunnel is subsea or not. These results are in 
accordance with Nævestad and Meyer [4] speculations. However, we have modelled the situation 
using data from all Norwegian tunnels of length > 0.5km. These factors stand out as clearly 
significant. Moreover, we have been able to evaluate the importance of each factor, and how they 
contribute to fire accidents in road tunnels. 
 
Njå (2017) assessed Nævestad’s [5] data material on fires in tunnels with serious outcomes. The data 
Njå assessed included collisions leading to fires and major consequences to humans. He identified 
heavy fire loads (heat release rate – HRR) for seven events, of which the fire in the Brattli tunnel 
lasted for several days and the Skatestraum tunnel fire was estimated to more than 400 MW. A design 
fire in a bus is defined as 30 MW and a truck on fire is 50-100 MW [14]. Only a fire in the Follo 
tunnel includes uncertainties regarding whether a victim died from smoke intoxication or from the 
collision forces (truck against the tunnel wall at the entrance of the tunnel). 
 
Furthermore, Njå [17] checked all incidents described in Nævestad et. al’s material that included 
Vision Zero accidents. Three of the ten accidents he scrutinized included erroneous information, which 
compared to Elvik and Mysen [3] fits well with their findings. However, Nævestad et. al’s data of 
incidents is the best we have, and it should give us a reasonable statistical conclusion of fires in HGVs 
in road tunnels. Going from the general to the specific tunnel project, require considerations beyond 
the models presented here. Also going from historical data to forward looking risk assessment is a 
challenge for the users of the models. 
 
We trust researchers from the risk management field to evaluate and discuss the validity of the models 
presented. Together with other studies on risk influencing factors, these researchers can make a 
qualitative decision of which model we should trust, in particular when estimating fire incidents in 
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tunnels like the Ryfast tunnel. Remember, we have produced estimates on fire rates, not for 
catastrophic fires as seen for example in the Mont Blanc tunnel in 1999. Such extremely remote events 
needs careful considerations. 
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ABSTRACT 
 
This paper discribes the realisation and commissioning of yet another state-of-the-art safety and 
security system in the heart of Brussels. With a clear view on passive and active measures, our team 
realised a major safety transformation of the busiest railway link in Belgium : Brussels’ North-South 
Junction, with the underground Central Station into service since 1952, and stretching for over 2 km 
underneath the medieval city (e.g. the cathedral). A very large focus was on the safety measures for 
evacuating passengers in the ‘narrow’ tunnel with spoken messages, clear wayfinding and indication 
of escape doors and a system of horizontal / vertical smoke removal, resulting in 29 ventilation 
configurations. An important review concerned the interaction with the partially open stations and we 
included counter-intrusion measures such as thermal cameras, and dedicated fire brigade entrances.  
All main efforts of the contractors were realised at night or during dedicated time slots in the 
weekend, while the North South link was kept in service for all commuters and tourists during the 
day. No evident undertaking with the passing of no less than 1200 trains a day! 
  
KEYWORDS : Emergency management, scenario management, incremental incident response, 
elaborated evacuation guidance, new CFD engineered smoke and heat evacuation system, intrusion 
detection, fire department intervention. 
 
INTRODUCTION 
 
Even before the Great War of 1914 - 1918, there was the intention to connect the two main Brussels 
railway stations ("Nord" and "Midi") by means of a tunnel. The necessary space was made available 
and the preparatory works were started. Due to circumstances of resistance of the population, 
technical difficulties, budget implications and both World Wars, it was only in 1947 that the project 
could be continued in a higher pace. See Figure 1. for an impression of that time.  
 

 
 
Figure 1 Representation of the ‘new’ tunnel in a 1947 publication 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

349

mailto:lieven.schoonbaert@infrabel.be
mailto:stefaan.vernieuwe@infrabel.be
mailto:stijn.eeckhaut@infrabel.be


The fact that these works have had a far-reaching impact on the view of the city is logical. Many old 
streets and neighbourhoods were demolished but of course it was impossible to touch the cathedral 
nearby. See Figure 2. With the necessary caution, the entire trajectory was excavated (“cut and 
cover”) over about 2 km and provided with adequate structural support.  
 

   
 
Figure 2 Proximity of the Brussels Cathedral next to the (diverted) excavation works 
 
By the end of 1951 a first train was able to travel the entire route on one of the 6 tracks and the 
official inauguration by his Royal Highness King Baudouin was on 4 October 1952. After a hesitant 
start, the North South Link soon became the hub of Belgian rail traffic. To such an extent that even 
the slightest defect leads to delays on the entire Belgian railroad network.  
 
"Inspired" by the Chunnel-fires of 1996 and 2006 and after the design of 3 new major train tunnels in 
Belgium (Antwerp North South Link, Brussels Airport and River Scheldt crossing in the Port of 
Antwerp), it was decided in 2010 to carry out a serious safety upgrade of the existing link in Brussels. 
Several engineering offices are called in and a steering committee was set up with the civil authorities, 
the fire brigade and the logistic branch of the Belgian Railway Operator, among others.  
On December 1st , 2018, the renewed safety concept was tested with a large evacuation exercise in 
which 300 figurants participated. 
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SCOPE OF THE ADAPTATION WORKS, RAMS ANALYSIS 
 
In view of the knowledge already more widely available in 2014, both as a return from our own 
earlier tunnel safety projects as from the insights gained by the international tunnelling community in 
the past decades, a holistic project has been prepared in which most aspects of the design of the tunnel 
have been reviewed, modernised and improved. According to both aspects of security and safety, an 
inventory was drawn up and assessed with a risk analysis. The programme of execution therefore 
includes many disciplines, including : 
 

o Compartimentation with a longitudinal separation (6 tracks  3 x 2 tracks) 
o Evacuation doors in these separting walls 
o Enhanced daily ventilation and smoke and heat evacuation 
o Fire detection along the tunnel sections 
o Wayfinding for the passengers 
o Renewal of all electrical cabling with halogen free and fire retardant cables 
o Emergency buttons and linked lighting zones 
o Up-to-date sonorization system with voice alarm 
o Extra cameras for survey and intrusion detection 
o Integration with the safety systems of the 2 underground stations 
o Scenario management of the automated safety systems on SIL 2 level 
o New visual management equipment in the control center 24/7 
o Extra features for the intervention team (fire brigade) 

 
All these works were simultaneously monitored by a RAMS analysis (Reliability, Availability, 
Maintainability, Safety), resulting in a guideline with minimum operating conditions. 
 
The following functionalities need to be ensured : 

- Detection of Intrusion 
 Detection of the opening of all doors leading directly to the tunnel 
 Detection of intrusion of persons from the station-platforms and the tunnel portals 
 Notification of the place of intrusion to the operator 

- Restriction of traffic 
 Transmission of a command to EBP (“switch signs to red”) 
 Notification of the start of an automated scenario (Alarmfiche) 
 Receiving the information about the use of the section, number and type of train 

- Detection of a fire in a tunnel 
 Automatic detection in the tunnel (linear heat + detection tracks and platform station) 
 Indirect/manual operator detection (e.g. push button) 

- Guaranteeing of the environmental conditions in the tubes with and without incidents  
 Provision of the smoke and heat vents for the scenarios. 
 Ensuring good environmental conditions (daily ventilation) 

- Ensuring of the compartmentalisation of the smoke 
 Overpressure in the evacuation corridor Comedien / Bru-Central / Bru-Congress 
 Automatic closure of the sliding doors in the compartmentation walls 

- Safeguarding of the visibility of the evacuation route 
 Lighting of the tunnel and indication of the emergency exits 

- Providing of an evacuation route in the tunnel 
 Activation of  the dynamic evacuation signalisation (DES) 
 Activation of sirens and voice alarm 

- Ensuring of the supply of fire extinguishing water in the tunnel  
 Information from flow sensors and position of the valves 
 Measuring of the temperature and heat tracing of the pipes 

- Detection of an emergency situation in a tunnel 
 Detection of an emergency button being pushed 
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COMPARTMENTATION AND NEW VENTILATION SYSTEM (SHEV) 
 
One of the first and most far-reaching decisions that had to be taken was the possible division of the 
tunnel into 3 longitudinal sections. On the one hand there were serious construction works involved    
- and which could only be carried out at night - but on the other hand there was also the possibility to 
tell a real story on smoke-management and shorter evacuation routes through newly placed sliding 
doors in these walls. The existing ventilation system was only able to control CO2 or soot particles, 
but could not prevent the spread of smoke over the 6 tracks. 
Several CFD simulations for both setups were carried out by a specialised agency (FESG in Ghent) 
and after 1.5 years of study and consideration of the pros and cons, it was decided in the steering 
comittee to realise the longitudinal separation in 3 separate tubes.  See Figure 3. for the situation 
before and after the works. 
 

     
 
Figure 3 Longitudinal compartmentation of the tunnel, before and after the constructive works 
 
In addition to the result of the examination of the smoke and heat evacuation ventilation (SHEV) for 
the "3 x 2" option, there are also other advantages, mainly with regard to the daily operation: 

- Smaller flow rates so that the pressure differences in the station zones are also less disturbing 
- Limitation of the electrical power of large fans 
- Possibility to restart the system faster after incident, possibly with 1 tube less in operation 

 
As a basis for the calculation of the SHEV system, a train fire of 35 MW was assumed. Related to the 
setting of one tube, with a square section of 10 m wide x 5,9 m high and flat ceiling, this results in a 
critical velocity of 2.95 m/s to avoid backlayering.  This value is in line with other known research. 
See Figure 4. [1]  Note that the curves slightly differ while using other tunnel dimensions in ref. [1]. 
 

 
 
Figure 4  Determination of the critical velocity according to the adopted design fire  
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During the further elaboration of the system to be installed, the project team was bound by the 
locations with existing extraction fans. This however did not provide enough thrust in the tunnel so 
that extra equipment had to be provided, such as jet fans at both ends of the tunnel and injectors, in 
the form of "saccardo" nozzles on both sides of the stations. As seen in Figure 5 a speed distribution is 
calculated in a tunnel section when working with 2 saccardo's (red = 35 m/s, blue = near to 0 m/s). [2] 
 
            

 

 
Figure 5  Velocity study (CFD) on the use of saccardo nozzles 
 
 
The newly calculated total flow per SHEV unit (supply or extraction) is maximum 300 m³/s, to be 
delivered by 3 reversible axial fans of 100 m³/s each (diameter = 3500 mm) and the jet fans at the 
tunnel ends each have a thrust of 52 N 
The following Figure 6. gives an idea of the newly installed smoke extraction fans (13 pieces) and 
saccardo-nozzles (48 pieces). Also 36 jet fans were placed at both tunnel entrances. [3] 
 

 
Figure 6 A synoptic view of the SHEV – system and fotos of 2 main parts (fans and nozzles) 
 
 
The entire tunnel was thus divided into 3 x 9 + 2 ventilation zones so that when smoke is produced in 
one of these zones, a certain sequence of the fans can be activated. See Figure 7. 
This concerns an extraction in one of the four exhaust zones (A1, A2, A3S, A3N), an injection via 
"saccardo" nozzles and/or the simultaneous operation of several tunnel boosters or jet fans. 
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Figure 7 Schematic representation of the 29 ventilation configurations 
 
 
It is clear from the above that the SHEV system has an important role to play in maintaining a safe 
environment for those present in the tunnel in the event of an incident. Therefore, the technical 
management of this system is kept separate from the others but is integrated at a higher level 
throughout a redundant PLC network + supervision via SCADA. See figure 8. Look further in this 
paper for the elaboration of the automated scenario management system (ASMS). 
  
 

 
 
Figure 8 Security & Safety Control Scheme and the place of SHEV-control in it 
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EXTRA POSSIBILITIES FOR EVACUATION 
 
By dividing the existing tunnel of some 30 m wide into 3 separate tubes outside the stations, two 
specific circumstances are created: 

- On the one hand, it is no longer possible to visually detect all incoming and outgoing train 
traffic on the 6 tracks. This can create dangerous situations. 

- On the other hand, this offers the possibility to quickly evacuate from the tube where there is 
a serious fire to an adjacent tube, without smoke and (too) high temperature. 

In order to assess these two situations as accurately as possible, connecting doors are installed 
approximately every 50 m in the partition walls. A green frame with LED lighting is provided on both 
sides of these doors. According to the location of the accident and thus one of the 29 configurations as 
described above, the right frames are activated so that a safe passage between 2 tubes is indicated.  
Figure 9. gives an image of this dynamic evacuation system (DES) : in detail and the distribution 
through the tunnel. 
 

   
 
Figure 9 Green frame around sliding doors as part of the DES 
 
After the evacuating persons have arrived in a non-incident tube, they continue laterally to one of the 
platforms or, as the case may be, to the specific evacuation corridor "Comédien" in half between 
“Central Station” and “Congres”. The large double revolving door from tube 1 to this refuge area is 
also framed by green LED-lines. 
There is also a dynamic red STOP - sign next to any sliding door indicating that one should NOT go 
to the other tube (because that is where the smoke development occurs, for example).  
Logic teaches us that a lighted green frame on one side is accompanied by a lighted red stop sign on 
the other side.  A simple representation of the combination of green frames and red stop lights in the 
event of an incident (in this case tube 2) can be found in Figure 10. 
 

 
 

  
 

Figure 10 Examples of the Dynamic Evacuation System ‘in action’ 
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Starting from this basic principle (Green Frame/ Red stop-sign) a whole logic was set up after which 
several sequences are programmed. The following prerequisites apply: 

• In case of incident in tube 1 or 3, you go to tube 2, but you can also go further to tube 3 or 1. 
• Also in case of intrusion, these STOP - signs are used to halt unwanted persons on the tracks, 

and to prevent them to continue. 
• At the end of the tunnel, on the north-side, where there are only 2 tubes with 3 tracks, there is 

only 1 partition wall and dynamic arrows are placed on the transition from 3 to 2 tubes.  
• The green frames may only light up after it has been ensured that there are no more trains in 

the 'safe' tube(s).  
 
Especially for this last condition, a sequence is created in which the green frames around the sliding 
doors in a tunnelzone are switched on in flicker mode during 3 min., after confirmation of the fire in 
the zone concerned. At the same time there is a spoken message that informs the attendees NOT to go 
to another tube yet. See Figure 11. 
 

 
 
Figure 11 The green frames in ‘flicker mode’ during the first 3 min. + message 
 
 
After 3 min. (or sooner if the operator is assured that all trains have stopped), the green frames will 
light up permanently and the STOP characters will also become active. 
Taking all possibilities of green frames and stop signs into account, the following eight sequences are 
relevant (as a combination for the 3 tubes). See Figure 12. 
 

 
 

Figure 12 All possible DES sequencies, for evacuation or intrusion 
 
For correct DES-implementation in the different zones (9 x 3 + 2) of the entire tunnel, it is necessary 
that the green frames (and red STOP - signs) can be switched both indicatively and per group. A good 
coordination with the SHEV system, the lighting, the sonorisation (voice alarm system) and the 
switching of the train signals in and just outside the tunnel is necessary. 
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FIRE DETECTION IN TUNNEL AND STATIONS 
 
The previously described ventilation configurations are automatically started after a fire is detected at 
a certain location in the tunnel or at one of the platforms of the "Central" or "Congress" stations.  
The appropriate detection method in the tunnel itself is thermal line detection (see Figure 13.), 
connected to 3 high sensitive control units (according to the EN 54-22 standard).  
The applied technology is “backscattering” from hot spots in glass fibre cables. For redundancy 
reasons, each controller connects 2 cables in different tubes, (1A + 3B / 1B + 2A / 2B + 3A).   
A special point of control is set up in the fire panel so that an initial source of heat is quickly detected 
but a confirmed alarm is only triggered when the train is at a proven standstill. In this way, the correct 
ventilation configuration will always be started. 
 

  
 
Figure 13 Positioning of the heat detection cables, along the walls of the newly created tubes 
 
In addition to the fire detection, the tunnel (and for the 3 tubes separately) is also equipped with 
emergency push buttons every 50 m, which can be operated by anyone on the tracks if a suspicious 
situation is detected. The light is then immediately switched on and the operator of the control room 
can take further actions from the control post. 
 
Smoke beam detectors are additionally installed next to the platforms (with both UV and IR 
indication, according to the EN 54-12 standard – see Figure 14.) In this way, the smoke from a 
stationary train will be detected even more quickly and the fire alarm will be activated.  
 
 

  
 
Figure 14 The use of smoke beam detectors in the Central Station  
 
Eventually fire detection is also foreseen in adjacent technical premises and the existing detection in 
the stations is taken into account if there is a possible impact on train traffic. 
Every fire alarm is processed in one of the 5 fire control panels and from there the signal is given to 
the dedicated ASMS-PLC (Automated Scenario Management System / see also next page) so that the 
correct fans are activated.  
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In addition to the ventilation (SHEV), other safety equipment can be activated, such as voice alarm 
messages, evacuation guidance, cameras, overpressure, blue flash lights indicating a cabinet with fire 
fighting material. Figure 15 gives an overview of inputs and outputs of the scenario system. 
 
 

 
 
Figure 15 Overview of inputs and outputs from the ASMS 
 
 
PRIORITISATION OF POSSIBLE ALARM SITUATIONS  
 
The occurrence of a burning train in a tunnel section is the most dangerous situation for the entire 
complex. However, 'lesser' situations are also possible and these are also included in the ASMS. The 
general rule is that a new and higher-ranking incident must be given priority and that all safety 
equipment must be switched in such a way as to meet this requirement. Automatic switching to a 
situation with a lower priority is excluded. Nevertheless, the operator can still set this up, provided he 
has the necessary actions and accountability. This is after a "freeze" of the last alarm situation. 
 
This is the hierarchy of priorities, as decided in the Steering Committee : 

1. Fire in a tunnel section or next to a platform with fixed fire source (stationary train), 
activation via the Linear Heat Detection. 

2. Fire in tunnel or next to a platform with fire still moving fire (input LHD)  
3. Fire on/at a platform, activation by means of smoke detection (beams) with fixed fire 

source (stationary train). 
4. Fire at a location in the station AND affecting tunnel/train traffic (e.g. public area nearby 

the open stairs and escalators 
5. A 'Cold' incident in the tunnel like a bomb threat or derailment or long train standstill 
6. Intrusion detection of someone entering the tracks without permission (thermal camera) 
7. Pressing an emergency button in the tunnel (+ light switch) 
8. Fire in a technical room or distant public area – with no influence (smoke) on the tunnel 
9. A ‘normal’ ventilation setting, when CO2 -sensors activate automatically some fans 

 
An equally important element in the activation of the scenario is the response or acceptance time (T1) 
and confirmation time (T2) of the operator in the control room 24/7. This allows, on the one hand, that 
an unwanted detection (and whatever the reason for it might be) does not trigger the unnecessary 
actions without control. On the other hand, this indicates the operator's responsibility and that one 
MUST react to the safety system with a “GO” or “NO GO” within a limited period of time. 
Permanent training of these personnel is therefore necessary and is included in the programme, 
together with the smooth manipulation of the HMI (Human Machine Interface / SCADA) 
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@ THE START-UP OF A SCENARIO : CONFIRMED OR UNCONFIRMED 
 
A scenario can be started in 2 ways : because of a detection, or manual by the operator. A scenario 
that comes from a detection has in any case to be confirmed by a tunnel safety operator in a control 
room, before it starts up.  
The procedure for starting up a scenario when an detection occurs in the field is as follows : at the 
moment an alarm is detected in the field, its nature shown on the SCADA console in the control room: 
which detector and which zone or position generates the alarm. At the same moment, a first timer T1 
of 1 min. is started and shown to the operator. The operator has to acknowledge that he has ‘seen’ the 
alarm before the T1 timer expires. After the operator has acknowledged the alarm, a second timer T2 
of 5 min. is started, in which time the operator has to investigate whether it is a real alarm or not. 
Once the operator acknowledges the alarm, the CCTV images of the alarm zone will be shown to him. 
If the alarm comes from a real detection, for instance a fire in the tunnel or a person trespassing, the 
operator has to confirm the alarm before timer T2 expires. After he has confirmed, the scenario is 
started up in confirmed mode.  
However, if the operator fails to confirm the alarm, either during the T1 or T2 phase, the proposed 
scenario will start up anyway, but in a so called “unconfirmed” mode.  
The difference between unconfirmed and confirmed mode is that certain preprogramed scenario 
actions, such as stopping the trains, will not be activated when the scenario starts in unconfirmed 
mode. These actions will only be executed when the operator confirms the start-up of the scenario, at 
which moment the scenario enters in confirmed mode. 
The reason why the system is designed this way is to avoid that false positive detections or technical 
problems may start the scenario without human validation and so take into account the high impact 
certain scenario actions like stopping the traffic will have.  In the schema below (Figure 16.) the flow 
of events in case of a detection which is confirmed by the operator:  
 
 

 
Figure 16 Normal start-up of a scenario in confirmed mode 
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Once the operator confirms the alarm, the scenario starts in confirmed mode. a message is sent to the 
train signalling system EBP to stop the trains. After the successful execution of the commando in 
order to stop the train traffic, a timer of 3 min. starts. During this 3 minutes, all trains should 
preferably be evacuated from the tunnel and people in the tunnel will be instructed to be cautious for 
trains. When the remaining trains, if any, are stopped (which results to TE in the ASMS-timer), people 
can evacuate via the green evacuation doors (see Dynamic Evacuation System as described before) 
towards the adjacent not-incident tunnel.  
In case of for instance a time-out of timer T1 , the scenario will start in unconfirmed mode, so without 
stopping the traffic. It is only after confirmation by the operator, that the trains will be stopped – see 
time diagram in Figure 17.  
 

 
 
Figure 17 Start-up of a scenario in unconfirmed mode (initially no trains stopped) 
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HUMAN RESPONSE TO ACCIDENTS 
 
While additional automated safety systems have been added, the procedures and guidelines "what to 
do in case of an accident" have also been further developed. The framework used for this purpose has 
its origins in earlier projects (see introduction) and is specifically adapted for the situation in the city 
centre of Brussels. The outcome per scenario is a schematic overview in pdf format in which the main 
systems are indicated (SHEV / signals / intervention points / evacuation routes) and the expected 
actions per discipline (fire brigade, medical, police). See Figure 18 
 

 
 
 

 
 
Figure 18 Alarm zone scheme & intervention action plan (front & flip side instruction paper) 
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CONCLUSION 
 
In this paper we showed how Infrabel conducted an extensive renovation of an existing highly 
saturated railway tunnel in nearly continuous operation, and upgraded its safety level to the current 
state-of-the-art. With a well-considered combination of civil, technical and operational measures, the 
project team was able to conciliate all renovation requirements with each other, and with the 
precondition of ongoing railway traffic in Belgium’s most important railway tunnel.  
From a civil engineering point of view, the compartmentation of the ‘historical’ tunnel with 6 parallel 
tracks into 3 parallel double track rail tunnels proved useful to decrease the time needed to reach safe 
zones in case of an incident, and to impose alleviated air flow rate requirements on the ventilation 
system. Besides that, the longitudinal compartmentation is also expected to be a benefit in terms of 
business continuity, as it aides in re-establishing traffic at least partially in case of minor incidents. 
Not at least, the compartmentation proved equally useful during the realization phase of this project, 
as it shielded the renovation works in progress from the ongoing traffic.  
From a systems point of view, this is the realisation of an automated scenario management system 
(ASMS) , which aides control room operators in selecting the most appropriate scenario at any given 
moment in time. Together with a new ventilation SHEV-system, this ASMS system is the core of a 
new ‘technological’ integrated system that forms a useful complement to the operational measures 
that have equally been redeveloped in the context of the renovation project.. 
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ABSTRACT 
 
Full-scale experiments were conducted in the tunnel according to the fire safey design of a underwater 
tunnel in Taihu Lake. The performances of two fire detection systems, a distributed temperature-sensing 
fiber detection system and a dual-wavelength flame detection system, including their response times to 
various fire scenarios and ability to locate and monitor a fire in the tunnel under different airflow 
conditions, are discussed. In addition, the fire scenarios that were used for evaluation of fire detection 
systems for tunnel applications are described. Results showed that the alarm time and alarm location 
were greatly influenced by types of detection systems, fire scenarios and the longitudinal ventilation.  
The performance of the distributed temperature-sensing fiber detection is more sensitive compared with 
a dual-wavelength flame detection system.  
 
KEYWORDS: Underwater tunnel, Fire detection, Fire scenario, alarm time, alarm location 
 
INTRODUCTION 
 
Fire detection systems play a crucial role in ensuring fire safety in road tunnels. Reliable and early fire 
detection can provide the tunnel operator with an early warning of a fire incident and its location, 
allowing for timely activation of emergency systems and firefighting [1-2]. Detection can make the 
difference between a manageable fire and one that gets out-of-control. 
 
Information on the performance of current fire detection technologies in a tunnel environment and 
guidelines for the use of the detection systems in road tunnels are limited [3-4].  Relatively  few  test  
programs  have  been  carried  out  in Europe and Japan were focused  on the performance  of linear 
heat detection systems and optical flame detectors [5-7,11]. Many other types of fire detection 
technologies for tunnel application, such as spot heat detectors, smoke detection systems, and video 
image detection systems have not been studied systematically [8]. The latest works on performance of 
fire detection systems in road tunnel were performed by Liu [9-10]. The  performance  of  nine fire 
detection systems representing five types of fire detection technologies was investi- gated using 
representative tunnel fire scenarios. Test results showed that the response   of fire detection systems to 
a tunnel fire was dependent on the  size,  location  and growth rate of the fire, the type of fuel as well as 
the method of detection. 
 
There are no generally acceptable test protocols and performance criteria for use in the evaluation of 
fire detection systems for tunnel applications. The test conditions  and  fire  scenarios  were  changed  
from  one  test  program  to  another [3, 5-11]. The performance of fire detection  systems in these 
programs  were evaluated mostly with pool fires of up to 3 MW and the longitudinal velocity up to 6m/s 
. Other types of tunnel fire scenarios, such as slowly growing stationary vehicle fires and moving vehicle 
fires, were rarely considered. 
 
This paper presents the results of the full-scale experiments conducted in the tunnel according to the 
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fire safey design of a underwater tunnel in Taihu Lake. The performances of  two fire detection systems, 
a distributed temperature-sensing fiber detection system and a dual-wavelength flame detection system, 
including their response times to various fire scenarios and ability to locate and monitor a fire in the 
tunnel under different airflow conditions, are discussed. In addition, the fire scenarios that were used 
for evaluation of fire detection systems for tunnel applications are described. 
 
TEST TUNNEL 
 
The test tunnel is 100 meters long, 12.75 meters wide and 6.7 meters high in Fig 1. The main part of 
the tunnel is connected with the circulating air duct. The top of the tunnel is equipped with smoke 
exhaust duct, and two smoke exhaust vents are set up with an interval of 60m and an area of 4m2.  
 
Two sets of fire detection systems are arranged in the test tunnel: a distributed temperature-sensing fiber 
detection system and a dual-wavelength flame detection system. The temperature sensing fiber is 
arranged in 3 rows in s-shape series arrangement, with a spacing of 3.6m. The distance between the 
temperature sensing fiber and the roof is 15cm, and the longitudinal length of the covered tunnel is 40m 
in Fig 2. The dual-wavelength flame detector is arranged on one side of the tunnelvwith a height of 
2.7m above the floor with an interval of 50m in Fig 3. 

 
(a) Top view 

 
(b) Main view 

Figure 1 Test tunnel layout 
 

   
(a)Site layout of temperature sensing optical fiber (b)Temperature-sensing optical fiber alarm host 

Fire
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Figure 2  Distributed temperature-sensing fiber detection system 

    
(a)Dual-wavelength detector               (b)Dual wavelength alarm host 

Figure 3  Dual-wavelength flame detection system 
 

FIRE SCENARIOS 
 
Three fire scenarios were selected in the tests, including the oil pool fires with/without obstructs, the 
engine compartment fires and  the crew compartment fires, which are the most common types of fire 
caused by fuel leakage after the collision of two vehicles in the tunnel.  
 
Oil Pool Fire 
 
The leaked oil pool fire model is shown in figure 4. The pool area is 0.4m2. The Oil pan is located the 
20cm above the ground of the tunnel, and a 2.4m (long) ×1.5m (wide) steel plate is placed at a height 
of 0.3m directly above the oil pan, which is used to simulate the chassis of the actual vehicle. The power 
of the gasoline pool fire estimated 700 kW. 
 
Engine Compartment Fires 
 
The engine cabin fire model is shown in Figure 5. The size of the simulated engine cabin in the test is 
1.2m (long) ×1.5m (wide) ×0.67m (high). A gasoline oil spray fire with controllable combustion 
rate was used to simulate the common oil leak fire in engine cabin. It takes 8min for the spray fire to 
reach the maximum fire power of 2000 kW. 
 
Crew Compartment Fires 
 
The crew compartment fire model is shown in Figure 6. The size of the simulated crew compartment 
in the test is 1.2m (long) ×1.5m (wide) ×1.2m (high). The door is fully open. The wood rick fire is 
used to simulate the common type A fire in the crew compartment. It takes 10min for the wood crib 
fire to reach its maximum fire power of 1100-1500 kW. 
 
RESULTS AND DISCUSSIONS 
 
Totally 9 tests have been carried out to investigate the performance of fire detection system in tunnel as 
shown in Table 1, which is expected to obtain the detection effectiveness of different detection system 
on the designed fire scenario, as well as the influence of fire scenario and wind speed on alarm time, 
and alarm position. Figure 7 showed the schematic diagram of alarm offset distance for the distributed 
temperature-sensing fiber detection system. 
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（a）0.7MW Gasoline fire 

 
                           （b） obstructed oil pool fire model 

Figure 4 Schematic diagram of the leaked oil pool fires 
 
 

 
Figure 5 schematic diagram of engine cabin fire model 

 
 

 
Figure 6 Schematic diagram of cockpit fire model 

12cm  w ater 

5cm  oil

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

366



 
Table 1 Summary of test results 

Case No. Fre Scenarios System Type Alarm Time 
/s 

Alarm Location 
/m 

1 
Unobstructed oil pool fire 

Nature ventilation (longitudinal 
velocity almost 0m/s) 

Distributed temperature-
sensing fiber detection system 28 132.7 

Dual-wavelength flame 
detection system 26 North detector 

2 
Obstructed oil pool fire 

Nature ventilation (longitudinal 
velocity almost 0m/s) 

Distributed temperature-
sensing fiber detection system 46 140.9 

Dual-wavelength flame 
detection system 26 North detector 

3 
Engine Compartment fire 

Nature ventilation (longitudinal 
velocity almost 0m/s) 

Distributed temperature-
sensing fiber detection system 60 139.8 

Dual-wavelength flame 
detection system 12 North detector 

4 
Engine Compartment fire 

Forced ventilation (longitudinal 
velocity almost 1.0m/s) 

Distributed temperature-
sensing fiber detection system 111 141.9 

Dual-wavelength flame 
detection system 34 North detector 

5 
Engine Compartment fire 

Forced ventilation (longitudinal 
velocity almost 2.0m/s) 

Distributed temperature-
sensing fiber detection system Fail Fail 

Dual-wavelength flame 
detection system 74 North detector 

6 
Crew Compartment fire 

Nature ventilation (longitudinal 
velocity almost 0m/s) 

Distributed temperature-
sensing fiber detection system 73 107.2 

Dual-wavelength flame 
detection system 47 North detector 

7 
Crew Compartment fire 

Forced ventilation (longitudinal 
velocity almost 2.0m/s) 

Distributed temperature-
sensing fiber detection system Fail Fail 

Dual-wavelength flame 
detection system Fail Fail 

8 
Obstructed oil pool fire 

Foced ventilation (longitudinal 
velocity almost 1.0m/s) 

Distributed temperature-
sensing fiber detection system 56 141.9 

Dual-wavelength flame 
detection system 27 North detector 

9 
Obstructed oil pool fire 

Foced ventilation (longitudinal 
velocity almost 2.0m/s) 

Distributed temperature-
sensing fiber detection system 114 142.9 

Dual-wavelength flame 
detection system 43 North detector 
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Figure 7 Schematic diagram of alarm offset distance 
 
Fire Characteristics 
 
Figure 8 showed the flame and smoke shape of pool fire for fire scenarios.  Tunnel ceiling temperatures 
of pool fire were shown in Figure 9. It was obvisously that the tunnel ceiing temperature decreased as 
the longitudinal velocity increased and the temperature difference between the up or down the fire 
source became smaller, which meaned that it was more difficult for the temperature sensitive detection 
system to give a fire alarm in tunnels with longitudinal ventilation. However it was always visible 
with/without obstructs, Therefore the performance of flame detector was less affected. The same trends 
were also observed for engine compartment fires and crew compartment fires. 
 

           
(a)Unobstructed pool fire -0m/s                  (b) Obstructed pool fire -0m/s 

            
(c) Obstructed pool fire -1.0m/s                  (d) Obstructed oil pool fire -2.0m/s 

 Figure 8  flame and smoke shape of pool fire for fire scenarios 
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Figure 9  Tunnel ceiling temperature of pool fire for fire scenarios 
 
Alarm Time and Alarm Location 
 
Figure 10 and Figure 11 separately compared the alarm times and the deviation of alarm position of 
different detection system for the same fire source. It can be seen that: 
1) the longitudinal ventilation of the tunnel has an effect on the alarm of the detector. Compared with 
temperature-sensing fiber detection sytem, dual-wavelength detector is less affected by wind speed. 
2) the alarm time of the detection system with shielding is longer than that without shielding, and 
among which the temperature sensing fiber detection system is greatly affected by shielding. 
3) the ventilation wind speed have great effect on the alarm offset distance for the temperature sensing 
fiber alarm system. Due to the large shielding range and the influence of wind speed, both the dual-
wavelength flame detector and the temperature-sensing fiber detector failed to detect the fire source in 
the case of wind speed of 2m/s for the crew compartment fires. 
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(b) comparison of alarm time for engine compartment fire 

 

 
(c) Comparison of alarm time for crew compartment fire 

Figure 10 comparative analysis of alarm time for fire scenarios in tunnel 
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(a) Comparison of alarm offset diatance for pool fire 
 

 
(b) Comparison of alarm offset diatance for engine compartment fire 

 

 
(c) Comparison of alarm offset diatance for crew compartment fire 

Figure 11 comparative analysis of alarm offset distance for Distributed temperature-sensing fiber 
detection system in tunnel 

 
 
CONCLUSIONS 
 
The performances of two fire detection systems, a distributed temperature-sensing fiber detection 
system and a dual-wavelength flame detection system, including their response times to various fire 
scenarios and ability to locate and monitor a fire in the tunnel under different airflow conditions, were 
investigated through full-scale tunnel experiments. Three fire scenarios were used for evaluation of 
fire detection systems for tunnel applications. Results showed that the alarm time and alarm location 
were greatly influenced by types of detection systems, fire scenarios and the longitudinal ventilation.  
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The performance of the distributed temperature-sensing fiber detection is more sensitive compared 
with a dual-wavelength flame detection system. Due to the large shielding range and the influence of 
wind speed, both the dual-wavelength flame detector and the temperature-sensing fiber detector failed 
to detect the fire source in the case of wind speed of 2m/s for the crew compartment fires. 
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ABSTRACT 
 
The electrical cable failure model was applied to simulate the response of FBG cables in tunnel fires. 
After a series of validation against the full scale tests in the Runehamar tunnel, two series of 
numerical simulations were conducted in two tunnels, to study the detection behaviors of a line type 
FBG heat detection system. The scenarios at different ventilation velocities using fire curves with 
different fire growth rates were investigated. The FBG cable measurement at the tunnel center and the 
side were compared and analyzed. For Tunnel A (5 m high and 10 m wide), there are relatively small 
differences in FBG temperature and rate of temperature rise between the center and the side cables, 9 
% and 15 % respectively for a 1 MW fire. For Tunnel B (5 m high and 15 m wide), there are 
relatively small differences in FBG temperature (9 % for a 1 MW fire) but the difference in rate of 
temperature rise is as high as 25 % between the center and the side cables for 1 MW fire. Based on the 
numerical results, recommendations for the settings of FBG cables in tunnels of various cross sections 
are made. For Tunnel A, use of one cable along the tunnel center appears to be reasonable. For Tunnel 
B, two cables are recommended to increase the spatial resolution and sensitivity of the detection 
system.   
 
KEYWORD: tunnel fire, line type heat detection, FBG cable, numerical modelling, cross section, 
ventilation 
 
 
 
INTRODUCTION 
 
Early detection of fires in tunnels is important in reducing the severity of an fire accident. Line type 
heat detectors (LTHD) are suitable in such environment to determine the occurrence of a fire and the 
exact location of the fire site. Different LTHD technologies available can be found in [1]. Recently, 
full scale tests have been conducted to investigate the performance of a FBG (Fiber Bragg Grating)-
based line type heat detection system in the Runehamar tunnel and the results are presented in the 
RISE report [2]. Two FBG cables were used in the tests, with one along the center and another along 
the side of the tunnel (2.25 m away from the centered cable). The results show that the differences 
between the two cables are limited.  
 
However, the full scale tests were only conducted in the tunnel of a width of around 8.5 m and a 
height of 6 m. For other tunnel cross sections, the results between the center and side cables may 
differ from what were obtained from the full scale tests.  
 
In this work, Computational Fluid Dynamics (CFD) modelling is applied to investigate the 
performance of the FBG cables in tunnels of different cross sections. After a literature review, no 
information was found about how to model a line type heat detection system in CFD modelling. 
Nevertheless, the modeling of point heat detectors can be regarded as useful references and is thus 
shortly discussed in the following text.  
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Typically, a point heat detector can be regarded as a sprinkler with no water spray. Heskestad and Bill 
[3] proposed differential equations of temperature rising rate of sprinklers considering forced heat 
convection from hot gas and conductive heat loss to sprinkler mount (assumed ambient), but without 
taking into account thermal radiation. By considering only the heat convection, the model is used for 
modeling heat detectors in FDS [4]. Thorne et al. [5] developed a sprinkler head model with four time 
constants,  by taking into account heat losses from the element and from the frame. Based on Thorne 
et al. [5], Chow and Ho [6] further studied the thermal characteristics of a sprinkler head in a heated 
tunnel.  
 
Based on the work of Heskestad and Bill [3], several studies have been conducted to test the validity 
of the model. Ingason [7] investigated the thermal response of glass bulb sprinklers using plunge and 
ramp tests. Three models were studied, including one parameter model [8], two parameters model [3] 
and three parameters model [9]. Ingason suggested that two parameters model considering conductive 
heat loss to sprinkler mount gave better results than one parameter model. Experimental results also 
suggested negligible heat radiation effects. You et al. [10] modeled a circular fusible-type sprinkler 
using energy-transport equation for the element of the sprinkler. An analytical solution was obtained 
to estimate both the temperature distribution inside the element and the operation time of the 
sprinkler. Frank et al. [11] used modified glass bulb sprinklers with thermocouples inserted to study 
the thermal response and found that Heskestad and Bill [3] model predicted longer activation time. 
Hopkin et al. [12] assessed the performance of FDS 6.6 by modelling enclosure experiments and the 
results suggested that sprinkler actuation time can be predicted within a Euclidean relative difference 
of 0.18. Studies show that Heskestad and Bill’s model [3, 4] tends to be effective in modeling heat 
detectors. 
 
In current study, the line type heat detector is numerically modeled. Compared with a point heat 
detector [3, 7], heat radiation may not be negligible in a LTHD system. Since no established model is 
available, the methodology to simulate the response of a line type heat detection system is first 
explored and verified against test data.  
 
NUMERICAL MODELLING 
 
Electrical cable failure model 
 
To model the temperature measurement of a cable, the electrical cable failure model - THIEF 
(Thermally-Induced Electrical Failure) in FDS 6.2 was adopted [4, 13]. The model was initially 
developed to simulate the possible thermally-induced electrical failure by simulating the temperature 
evolvement [13]. In this study, the model will be applied to simulate the response of FBG heat 
detection cables but adjustments need to be made and justified before the use.  
 
The model solves the equation for one-dimensional heat conduction into a cylinder [4]: 
 

                                                      𝜌𝜌𝑠𝑠𝑐𝑐𝑠𝑠
𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝜕𝜕

=
1
𝑟𝑟
𝜕𝜕
𝜕𝜕𝑟𝑟
�𝑘𝑘𝑠𝑠𝑟𝑟

𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝑟𝑟

�                                                         (1) 
 
where 𝜌𝜌𝑠𝑠 is density obtained from cable diameter and mass per unit length, 𝑐𝑐𝑠𝑠 is specific heat, 𝑘𝑘𝑠𝑠 is 
thermal conductivity, T is cable temperature, r is radius and t is time. The boundary condition is 
provided by convective heat flux (�̇�𝑞𝑐𝑐′′) and radiative heat flux (�̇�𝑞𝑟𝑟′′ ) at the cable surface [4]: 
 

                                                     −𝑘𝑘𝑠𝑠
𝜕𝜕𝑇𝑇𝑠𝑠
𝜕𝜕𝑟𝑟

= �̇�𝑞𝑐𝑐′′ + �̇�𝑞𝑟𝑟′′                                                               (2)  
 
According to Eqs. (1) and (2), the temperature profile within the cable as a function of time can be 
computed for a given time-dependent exposed heat flux. Note that compared with heat detector 
(sprinkler) model, heat radiation is included in THIEF model. The thermal properties are assumed to 
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be independent of the temperature. Furthermore, no chemical reaction is considered. The model can 
be used to predict the temperature of the inner side of the cable in theory. 
 
The general information about the THIEF model in FDS can be found in [4], but the properties are 
adjusted to the FBG detection cable used in this study. The conductivity 𝑘𝑘𝑠𝑠 was 45.8 W/(m·K) and the 
specific heat 𝑐𝑐𝑠𝑠 was 0.46 kJ/(kg·K), which were from steel, the key material of the FBG cable. The 
density is the mass per unit length of the cable divided by its cross-sectional area. As the size of the 
cable is small and there are some other optic elements inside the steel tube, it is difficult to directly 
measure and obtain the density, and thus numerical tests were performed to obtain a suitable value. 
 
It is known that for the response of FBG cables could be simplified to a cylinder that is exposed to hot 
gases in the same way as for a sprinkler bulb [2]. Plunge tunnel tests were conducted and the results 
showed that the Response Time Index (RTI) is approximately a constant for various gas temperatures 
and velocities [2]. The FBG cable investigated in this study is the one called “TMS-05”, with a RTI of 
57 [2].  
 
To obtain the value for density, several numerical simulations were performed. Note that a cable can 
be heated up by both convective heat and by incident radiation flux, while a heat detector with a fixed 
RTI is not dependent on the incident radiation flux in the model considered in FDS. For a fair 
comparison, the radiation solver was turned off in the simulations for obtaining the density of FBG 
cable, thus only heat convection was modelled. Under such conditions, the FBG cable should be 
exposed to the same heat fluxes as for the heat detector with a RTI of 57.  
 
The study was conducted in a 40 m × 9 m × 6 m tunnel. The mesh size was 0.2 m. The ambient 
temperature was 12 ℃. At tunnel inlet, the ventilation velocity was fixed at 2.7 m/s, with the 
incoming hot air at 100 ℃. At tunnel outlet, the boundary was set as ‘open’. The radius of the cable 
cylinder was 0.0015 m. The cable temperature at the depth of 0.0001 m was recorded. In reality, the 
high thermal conductivity of the cable indicates that the temperature inside is closely homogeneous.  
 
A comparison of the evolvement of temperatures for the FBG cable of various densities and the heat 
detector at the tunnel center is compared in Figure 1. It shows that when the cable density is around 
1600 kg/m3, the cable temperature evolvement is similar to the heat detector that considers no 
radiation effect. Therefore, the heat conduction at the cable can be reliably modelled with the density 
of 1600 kg/m3.  
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Figure 1.  Temperature of FBG cable and heat detector at the tunnel center. 
 
Tests for verification 
 
A series of full scale fire detection tests were conducted in the Runehamar tunnel in 2018 [2]. The 
Runehamar tunnel is approximately 1.6 km long, 6 m high and 8.5 m wide. The cross section is 
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shown in Fig. 2. The tunnel walls in the test section was protected with sprayed concrete, but the 
roughness is still high (in an order of 0.1 m to 0.3 m).  
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Figure 2.  Cross section of the Runehamar tunnel [2].   
 
Two tests were chosen for the numerical validation. The first is test 3, with gas burner producing 
constant fire at 1.5 MW. The ventilation velocity was 2.7 m/s. The second is test 23, with gasoline pool 
fire developing rapidly, maintains at the level of around 1.5-2 MW for around 4 minutes and then 
decreases gradually. The ventilation velocity was 2.8 m/s. The HRR curves are shown in Figure 3. 
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Figure 3.  Fire curves for the selected tests [2].   
 
Grid sensitivity analysis 
 
Before comparing with experimental data, grid sensitivity analyses were conducted for both gas and 
pool fire scenarios.  
 
A model tunnel of 150 m (length) × 8.6 m (width) × 6.0 m (height) was built. The tunnel was used to 
simulate Runehamar tunnel, but the length was reduced to reduce computation time. The tunnel walls 
were 0.2 m concrete, with conductivity 1.2 W/(m K), specific heat 0.46 kJ/(kg K) and density 2100 
kg/m3. The fire source was placed 50 m (x=0) away from the inlet, at the top of a 0.2 m high block, with 
the block size 0.4 m × 0.4 m. 
 
For the gas fire, the fire source was ‘C3H8’ (propane), with soot yield set as 0.01 and CO yield 0.01. 
The heat of combustion was set as 46000 kJ/kg and the radiative fraction was set as 0.35. The fire was 
set constant at 1.5 MW. At tunnel inlet, the ventilation velocity was fixed at 2.7 m/s and at tunnel 
outlet it was set ‘open’.  
For the pool fire, the soot yield was 0.1, CO yield was 0.05 and the radiative fraction was 0.40. The 
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ambient temperature was 10 ℃. At tunnel inlet, the ventilation velocity was fixed at 2.77 m/s. The 
fire curve was adapted from the experiment. 
 
The FBG cable temperatures along the tunnel center line of test 3 and test 23 are compared in Figure 
4. Different mesh systems, ranging from 0.1 m to 0.6 m, are tested. The cell size is the same along the 
length, width and height direction. For the gas fire, the mesh system adopted was 0.2 m × 0.2 m × 0.2 
m. For the pool fire, the mesh system adopted was 0.15 m × 0.15 m × 0.15 m. To further reduce 
computational time, 0.15 m mesh was only used from 11 m upstream of the source to 28 m 
downstream of the source (x=-11 m to x=28 m), while in other regions the mesh size was 0.3 m.  The 
results were compared with those for the 0.15 m uniform mesh, and the difference was found to be 
small. 
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Figure 4.  FBG cable temperature distribution of different mesh systems of test 3 and test 23. 
 
Verification against full-scale tests 
 
To verify the numerical setup, the gas fire simulation is compared with test 3 and the pool fire 
simulation is compared with test 23. The parameters compared include:  

• The maximum FBG cable temperature at the center and the side (1/4 width from the side 
wall) along the tunnel  

• FBG cable temperature evolvement at position x=0 m and x=12.5 m along the centerline of 
the tunnel 

 
The comparison between experiments and numerical simulations for test 3 is shown in Figure 5 and 
Figure 6. Figure 5 gives the distribution of the maximum FBG cable temperature at the center and the 
side. At x=0 m, an increase of temperature is observed both in the experiment and simulation, and 
good agreement is reached. This high temperature is due to the flame radiation right above the fire. 
The maximum temperature is found at x=12.5 m, and numerical results are larger. Due to the 
deflection of the flame under the ventilation flow, the position of the maximum temperature is 
downstream the fire. The temperature profile over time at x=0 m and x=12.5 m at the tunnel center is 
shown in Figure 6. At x=0 m, the maximum temperature is reached at about 125 s, the temperature 
rising process is well modelled while the simulation shows a faster decay process. At x=12.5 m, the 
simulation overestimates the temperature, but the time to reach a maximum temperature is similar 
between the experiment and the simulation. Also, a faster decay process for the simulation is 
observed. The numerical simulation overestimates the temperature downstream the source, but the 
trend of temperature development over time can be reliably modelled.  
 
The comparison between experiments and numerical simulations for test 23 is shown in  Figure 7 and 
Figure 8. Figure 7 shows that at x=0 m there is temperature rise in both experiment and numerical 
simulation, but the numerical results are smaller. The profile over time is shown in Figure 8 (a), which 
suggests that the flame radiation is underestimated in the simulation. Profile in Figure 8 (b) shows that 
the temperatures downstream the fire at x=12.5 m are better simulated. 
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In addition to the FBG measurement, the gas temperatures measured by thermocouples are also of 
interest in verifying the simulation. Figure 9 gives results for gas temperatures. In the experiment, the 
largest temperature rise is found at the position x=3.1 m while in the simulation it is at x=6.3 m. This 
indicates that in the simulation that the smoke is pushed further downstream the source. In other 
words, the effect of wind may be overestimated somewhat, which may probably be related to the 
coarse grids used although it is known that finer grids are difficult to execute.  
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Figure 5.  Maximum FBG temperature at the center and side in test 3. 
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-40 -20 0 20 40 60

0

10

20

30

40

50

 

 

test23
FBG-center

 Experimental
 Numerical

T 
(°C

)

x (m)        
-40 -20 0 20 40 60

0

10

20

30

40

50

 

 

test23
FBG-side

 Experimental
 Numerical

T 
(°C

)

x (m)  
            (a) FBG cable temperature at the center            (b) FBG cable temperature at the side 
 
Figure 7.  Distribution of maximum FBG cable temperature in test 23. 
 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

378



In summary, a relatively good agreement between tests and simulations is found. The effect of flame 
radiation on the FBG cables has been considered in the simulations. The two temperature peaks, one 
right above the fire and one downstream, can be reliably modeled. 
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Figure 9.   Gas temperature at the center in test 23 (center). 
 
Simulation scenarios 
 
The responses of FBG cables inside two different hypothetical tunnels are simulated. The first tunnel 
(tunnel A) was 150 m × 10 m × 5 m, and the second tunnel (tunnel B) was 150 m × 15 m × 5 m. The 
aim was to evaluate the effects of the tunnel width on position of the FBG cable at the ceiling in 
relation to fire position. The simulation scenarios are listed in Table 1 for Tunnel A and Table 2 for 
Tunnel B. The fire source was placed at a distance of 1/4 width (1/4W) from the side wall (see Figure 
10), simulating a vehicle fire on one side lane.  
 
The geometry of fire source used is the same as for the pool fire with dimensions of 1.2 m × 0.6 m. 
Same CO and soot yields are applied. The fire followed ‘t-squared’ profile up to 5 MW (a typical 
passenger car fire) and then kept steady for 60 s. The ‘t-squared’ fire curves defined are shown in 
Figure 11. The fire growth rate is 0.00293 kw/s2 for slow curve, 0.01172 kw/s2 for medium curve, 
0.0469 kw/s2 for fast curve and 0.1876 kw/s2 for ultrafast curve.  
Table 1.  Simulated scenarios in Tunnel A.  
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Simulation 
no Tunnel Fire source* HRR Velocity (m/s) FBG cable locations* 

1 A Side 1/4W from wall Fast 1 Centered 1/2W and side 1/4W 
2 A Side 1/4W from wall Medium 1 Centered 1/2W and side 1/4W 
3 A Side 1/4W from wall Fast 2 Centered 1/2W and side 1/4W 
4 A Side 1/4W from wall Medium 2 Centered 1/2W and side 1/4W 
5 A Side 1/4W from wall Fast 3 Centered 1/2W and side 1/4W 
6 A Side 1/4W from wall Medium 3 Centered 1/2W and side 1/4W 
7 A Side 1/4W from wall Fast 4 Centered 1/2W and side 1/4W 
8 A Side 1/4W from wall Medium 4 Centered 1/2W and side 1/4W 
9 A Side 1/4W from wall Super fast 2 Centered 1/2W and side 1/4W 

10 A Side 1/4W from wall Slow 2 Centered 1/2W and side 1/4W 
* W is tunnel width, i.e. W=10  m.  
 

Table 2.  Simulated scenarios in Tunnel B.  

Simulation 
no Tunnel Fire source* HRR Velocity (m/s) FBG cable locations* 

1 B Side 1/4W from wall Fast 1 Centered 1/2W, 1/3W,1/6W, 1/4W 
2 B Side 1/4W from wall Medium 1 Centered 1/2W, 1/3W, 1/6W 
3 B Side 1/4W from wall Fast 2 Centered 1/2W, 1/3W,1/6W, 1/4W 
4 B Side 1/4W from wall Medium 2 Centered 1/2W, 1/3W, 1/6W 
5 B Side 1/4W from wall Fast 3 Centered 1/2W, 1/3W,1/6W, 1/4W 
6 B Side 1/4W from wall Medium 3 Centered 1/2W, 1/3W, 1/6W 
7 B Side 1/4W from wall Fast 4 Centered 1/2W, 1/3W,1/6W, 1/4W 
8 B Side 1/4W from wall Medium 4 Centered 1/2W, 1/3W, 1/6W 
9 B Side 1/4W from wall Super fast 2 Centered 1/2W, 1/3W, 1/6W 

* W is tunnel width, i.e. W=15 m.  
 
The fire source locations and FBG cable locations are illustrated in Figure 10. Two cables were placed 
in tunnel A, at a distance of 1/2 W and 1/4W from the right side wall, named “center” and “side” 
respectively. For tunnel B, at least three cables were placed, at a distance of 1/2 W, 1/3W and 1/6W 
from the right side wall, named “center”, “sideL” and “sideR” respectively. Besides, in four 
simulations with tunnel B, another cable was placed at 1/4W from the right side wall, named “side”.  
 
In practice, a tunnel may install one cable along the center line or several cables along the tunnel. As 
mentioned, the main objective of the simulations is to study the influence of different FBG cable 
locations on its response under various fire scenarios and ventilation velocities. The focus will on the 
comparison of the results registered by the center and side FBG cables.  
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5 
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center side
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2.5 m
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5 
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                          (a) tunnel A                                                               (b) tunnel B 
Figure 10.  Locations of fire source and FBG cables in tunnel A and tunnel B. 
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Figure 11.  Fire curves used in the simulations. 
 

 
RESULTS AND ANALYSIS  
 
Smoke movement 
 
The smoke distributions of a 5 MW fire in tunnel A at a ventilation velocity of 1, 2, 3 and 4 m/s are 
shown in Figure 12. When the ventilation velocity is relatively small (1 m/s and 2 m/s), the smoke 
flows towards the upstream of the fire source and backlayering of various lengths are observed. When 
the ventilation velocity is relatively large (3 m/s and 4 m/s), all the smoke is blown towards the 
downstream and there is no backlayering upstream of the fire.  
 
Although the maximum fire size in the simulations is set to be 5 MW, a smaller fire size such as 1 
MW is of interest as the detection system may have alarmed at such a level. Moreover, the cable may 
have melted down at too high temperature. In the following section, FBG measurements are analyzed 
when the fire reaches 1 MW. 
 

 
(a)  1m/s 

 

 
(b)  2m/s 

 

 
(c)  3m/s 

 

 
(d)  4m/s 

Figure 12.  Smoke spread in tunnel A at a ventilation velocity of 1, 2, 3 and 4 m/s (5 MW). 
 
Difference between center and side cables  
 
Distributions of the FBG temperatures between the center and side for Tunnel A at 1 MW are 
compared in Figure 13. The difference in FBG temperature between the center and the side 
approximately lies between -10 % and 30 %. Note that the fire is placed at the side, the temperature at 
the side is generally higher than that at the center.  
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        (c) Difference between center and side                      (d) Difference in percentage 
 
Figure 13.  Difference in FBG temperatures between center and side for tunnel A at 1 MW. 
 
The difference in the maximum FBG temperature between the center and side FBG cables, is in 
reality much lower. The comparison is shown in Figure 14. Clearly, the good fitting indicates that the 
difference is around 9 %, i.e. the center FBG is 9 % lower than the side FBG. The reason for the 
smaller difference is that the comparison in Figure 13 is done for each location while the comparison 
here is for the maximum value at either center or side.  
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Figure 14.  Comparison of maximum FBG temperatures between center and side for tunnel A at 1 
MW. 
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The rates of temperature rise obtained from the center and the side FBG cables for Tunnel A are 
compared in Figure 15. The best linear fitting line is y=0.85 x. This indicates that the rate of 
temperature rise by the side cable is around 15 % higher than that by the center cable. Note that this 
difference is slightly higher than that for the maximum FBG temperature.  
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Figure 15.  A comparison of maximum rate of temperature rise between the center and the side FBG 
cables for Tunnel A at 1 MW. Test data for rate of temperature rise were averaged within 
30 seconds.  

 
To sum up, there are relatively small differences in FBG temperature (9 %) and rate of temperature 
rise (15 %) between the center and the side cables. This may indicate that, for Tunnel A (5 m high and 
10 m wide), use of one cable along the tunnel center appears to be reasonable, compared to two side 
cables along the tunnel.  
 
Distributions of the FBG temperatures between the center and the side for Tunnel B at 1 MW are 
compared in Figure 16. Note that only 4 simulations considered the side cable right above the fire 
(1/4W). The results show that the difference approximately lies between -15 % and 35 %.  
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(a) FBG temperature, center                                     (b) FBG temperature, side 
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Figure 16.  Difference in FBG temperatures between center and side for Tunnel B at 1 MW. 
 
The difference in the maximum FBG temperature between the center and side FBG cables, is further 
compared in Figure 17. Clearly, the good fitting indicates that the difference is around 8 %, i.e. the 
center FBG is around 8 % lower than the side FBG. The reason for the smaller difference is that the 
comparison in Figure 15 is done for each location while the comparison here is for the maximum 
value along the tunnel, as explained previously.  
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Figure 17.  Comparison of maximum FBG temperatures between center and side for tunnel B at 1 
MW. 

 
The rates of temperature rise obtained from the center and the side FBG cables for Tunnel B are 
compared in Figure 18. The best linear fitting line is y=0.75x. This indicates that the rate of 
temperature rise by the side cable is around 25 % higher than that by the center cable. Note that this 
difference is higher than that for the maximum FBG temperature.  
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Figure 18.  A comparison of maximum rate of temperature rise between the center and the side FBG 
cables for Tunnel B at 1 MW. Test data for rate of temperature rise were averaged within 
30 seconds.  

 
The rates of temperature rise obtained from the side L, side R, and the side FBG cables for Tunnel B 
are compared in Figure 19. The best linear fitting line is y=0.88x. The results for SideL and sideR are 
very close to each other. They both are around 12 % lower than the side cable.  
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Figure 19.  A comparison of maximum rate of temperature rise between the sideL, sideR, and the 
side FBG cables for Tunnel B at 1 MW. Test data for rate of temperature rise were 
averaged within 30 seconds.  

 
To sum up, for Tunnel B, there are relatively small differences in FBG temperature (9 %) but the 
difference in rate of temperature rise is as high as 25 % between the center and the side cables. This 
may indicate that, for Tunnel B (5 m high and 15 m wide), it is not recommended to use only one 
FBG cable along the center. Instead, two cables may be recommended to increase the spatial 
resolution and sensitivity of the detection system, i.e. one at around ¼ W and another at ¾ W from 
one side wall.   
 
 
Comparison with prediction models 
 
The prediction models proposed in the report for full scale tests [2] are used to compare with the 
simulated results. In this section, the data is from the whole simulation, i.e. when fire reaches 5 MW. 
 
The correlation to predict maximum FBG temperatures is (for temperature lower than around 150 oC): 
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The correlation to predict maximum rate of FBG temperature rise is: 
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where �̇�𝑄 is heat release rate (kW), 𝐻𝐻𝑒𝑒𝑒𝑒is the effective tunnel height (m), 𝑢𝑢𝑜𝑜 is the longitudinal velocity 
(m/s), 𝑏𝑏𝑒𝑒𝑜𝑜 is the equivalent fire source radius (m). 
 
Comparisons of calculated and simulated FBG excess temperature for Tunnel A and Tunnel B are 
shown in Figure 20. In Figure 20 (a), most of data lie beside the equal line within 25 %. The 
calculated and simulated maximum ceiling excess gas temperature correlate relatively well. In Figure 
20 (b), there is a rather good agreement between the model predictions and the FBG excess 
temperatures of the cable right above the fire. For the cables beside the fire (SideL and SideR), the 
temperatures are slightly lower than the model predictions, as can be expected. This further confirms 
that the models predict the maximum ceiling gas temperatures relatively well. 
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Figure 20.  Comparison of simulated and calculated (from Eq. 3) maximum FBG excess 

temperature,  Tunnel  A and Tunnel B. 

 
Comparisons of simulated data and the calculations for rate of FBG temperature rise are presented in 
Figure 21 for Tunnel A and Tunnel B. Note that although the temperature curves by FBG cables are 
smoother than the gas temperatures registered by thermocouples, there still exist large fluctuations. 
Therefore, while calculating the rate of temperature rise, the values are averaged within a period of 30 
seconds. In Figure 21, most data lie beside the equal line within 25 % deviations, indicating good 
predictions. This further verifies the model developed previously. Note that in Figure 21 (a) there are 
two points obviously lie above the 25 % deviation line. It is found that they correspond to the position 
of -6.25 m in Simulation no. 4 and no. 10. The higher value is due to the sudden appearance of 
backlayering at this position when the fire size increases to around 4 MW. This phenomenon indicates 
that the calculated rate of temperature rise could be underestimated in such cases, i.e. on the 
conservative side.  
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Figure 21.  Comparison of simulated and calculated (from Eq. 4) maximum rate of temperature rise,  

Tunnel  A and Tunnel B. Test data for rate of temperature rise were averaged within 30 
seconds.  

 
 
CONLUSIONS 
 
The electrical cable failure model in FDS was applied to simulate the response of FBG cables in 
tunnel fires. After a series of validation against the full scale tests in the Runehamar tunnel, two series 
of numerical simulations were conducted in tunnels of different cross sections, to study the detection 
behaviors of a line type FBG heat detection system. FBG temperature at different ventilation 
velocities and fire curves were investigated. The results of FBG cables at the tunnel center and the 
side were compared and analyzed. 
 
A relatively good agreement between the tests and simulations was found during verification of 
modelling. The effect of flame radiation on the FBG cables has been considered in the simulations but 
the flame radiation in the simulations results appears to be underestimated. Further, the location of 
maximum ceiling gas temperature is somewhat further downstream from the fire compared to the 
tests. This indicates that the inclination caused by the tunnel ventilation is somewhat overestimated in 
the simulations, which could be attributed to the coarse grids. However, simulations with finer grids 
are difficult to execute due to the large number of grids required.  
 
Simulation results show that for Tunnel A there are relatively small differences in FBG temperature 
and rate of temperature rise between the center and the side cables, 9 % and 15 % respectively for a 1 
MW fire. This may indicate that, for Tunnel A (5 m high and 10 m wide), use of one cable along the 
tunnel center seems to be reasonable. 
 
For Tunnel B, there are relatively small differences in FBG temperature (9 % for 1 MW fire) but the 
difference in rate of temperature rise is as high as 25 % between the center and the side cables for a 1 
MW fire. This may indicate that, for Tunnel B (5 m high and 15 m wide), it is not recommended to 
use only one FBG cable along the center. Instead, two cables are recommended to increase the spatial 
resolution and sensitivity of the detection system.   
 
The comparisons between the simulations and the prediction models proposed previously [2] show a 
good agreement for both the FBG temperature and the rate of temperature rise. When the fire size 
increases to a certain value, the velocity may not be great enough to prevent smoke backlayering, and 
thus the cables upstream may experience a sudden increase of temperature due to the appearance of 
backlayering. This phenomenon may refer to a higher rate of temperature rise, and thus the 
predictions are lower, i.e. on the conservative side.  
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ABSTRACT 
 
Does the action of a water mist system assist or hinder the action of a tunnel ventilation system, with 
regard to smoke control? Or, more practically, if a water mist system is activated in a tunnel, are more 
jet fans required for smoke control, or fewer? To answer this question, a mathematical model was 
built in MATLAB to balance the many equations relating to thrust, flow, friction, fire size, tunnel 
size, ventilation flow, water mist effects, evaporation, temperature and heat losses. An example test 
case is presented. When no fire is present, 3 jet fans are required to generate the desired ventilation 
velocity for emergency smoke control. The model shows that when a fire is present, but no water mist 
is active, that larger fire sizes require progressively more jet fans. However, when water mist is 
introduced into a tunnel containing a fire, more jet fans are required for smoke control if the fire is 
small, but fewer jet fans are required for smoke control if the fire is large.  
 
KEYWORDS: Longitudinal ventilation, water mist, jet fans, design fires, optimisation  
 
 
INTRODUCTION 
 
The main goals of a fire safety strategy for a road tunnel are related to life safety and property 
protection. The main threats to life caused by fire in a road tunnel are exposure to toxic gases and high 
temperatures [1]. Reduced visibility due to smoke exacerbates these issues, as it can impair self-
evacuation and leads to increased exposure times. The main threat to the tunnel itself is high 
temperatures, which can cause concrete spalling, damage to the road surface, and destruction of 
services installed in the tunnel. This leads road tunnel designers to try to minimise the temperature 
and human exposure to toxicity during fire incidents. 
 
In recent decades, designers have moved towards the use of Fixed Fire Fighting Systems (FFFS) in 
tunnels [2]. Deluge sprinkler systems can help prevent fires growing large, but they use a lot of water. 
This entails large water storage, pumping, and drainage costs. Water Mist Systems (WMS) have 
demonstrated the ability to limit temperatures and heat release rate (HRR) in full-scale tunnel fire 
experiments [3]. They also use much less water than deluge systems, which can result in substantial 
monetary savings. Such systems have been installed in major urban road tunnels such as the A86 
tunnel near Paris and the M30 Madrid ring road [4]. By installing WMS in tunnels, designers hope to 
limit temperatures, control the HRR, reduce smoke production, and prevent fire spread.  
 
In current practice, designers assume a design HRR and then specify the ventilation system 
accordingly, typically ignoring any effect on the flow due to the FFFS. Longitudinal ventilation 
systems are generally designed to prevent the occurrence of backlayering; a phenomenon where 
smoke flows upstream of the fire, against the direction of forced ventilation [5]. This is typically 
expressed in terms of a required critical ventilation velocity (CVV) for the flow. However, FFFS will 
introduce a large mass of water droplets into the tunnel, and if these vaporise a large volume of steam 
will be generated. This additional mass and the steam expansion could affect the ability of the 
ventilation system to achieve CVV and thus control the smoke produced by the fire.  
 
This paper addresses the question: how does a FFFS or a WMS affect the ability of a longitudinal 
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ventilation system to achieve CVV and prevent backlayering in tunnel fire scenarios?  
 
Here we describe the assumptions of and results from a one-dimensional control volume (CV) model 
which aims to explore the interactions among fire, ventilation, and WMS, and thereby establish 
whether current ventilation design practice is under-specifying or over-specifying the jet fan 
requirements for fire and smoke control, when WMS is used.  
 
 
THE MODEL 
 
A model was developed in MATLAB to determine the number of jet fans required to prevent smoke 
backlayering in the event of a tunnel fire. The model was designed so that it could provide results for 
different tunnel geometries, water mist systems, design fires, and other relevant inputs defined by the 
user.  
 
Once all of the input parameters have been defined, the model divides the tunnel into four sections: 
inlet, upstream, fire zone, and downstream, see Figure 1. The downstream section is further divided 
into multiple CVs in order to increase the accuracy of the solution. Conditions outside of the tunnel 
are given ambient values assigned by the user. 
 
 

 
 

Figure 1. The model, showing the four basic control volumes: (a) Inlet zone, (b) Upstream zone,  
(c) Fire zone, and (d) Downstream zone. The downstream zone may be subdivided  

into multiple zones for greater accuracy. 
 
In Figure 1, the fire zone and the downstream CVs are shaded grey. This is to denote the presence of 
smoke in these sections. Strictly speaking, to avoid backlayering there should be no smoke at all 
upstream of the fire source, but in this model the fire zone is defined as the zone where the water mist 
is active, and this zone contains the fire. Due to the assumption that each CV has constant properties 
throughout, the entire fire zone CV, including the portion upstream of the fire, is assumed to be filled 
with smoke. For our purposes, backlayering occurs if any smoke is found in the upstream zone. 
 
In each CV, the values of four key properties are calculated: static pressure, gas temperature, gas 
density, and gas velocity. These values are used to calculate the forces acting on the flow in each CV. 
It is assumed that the system is at steady state, and the properties are constant throughout each CV. 
The steady state assumption is used to simplify the problem. Once the key properties and forces acting 
on the flow in each CV have been determined, a force balance calculation is performed. The 
calculation procedure is iterated until two conditions are met:  

1. the forces acting in the tunnel are balanced, and  
2. the upstream velocity is greater than the CVV.  

 
The algorithm used to solve this problem is as follows: 

1. The CVV is calculated, based on the input parameters assigned by the user.  
2. The initial velocity at the inlet portal is set as equal to the CVV, the initial number of jet fans 

is set to one, and initial values for other values are defined.  
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3. The HRR is adjusted to account for enclosure effects, the effects of the airflow, and the effects 
of the WMS.  

4. The key properties and the forces acting are then calculated for each CV.  
5. If the balance of forces is found to be negative, another fan is added and the algorithm returns 

to step 3. If the balance of forces is found to be positive, the ventilation velocity is increased 
and the algorithm returns to step 3. Finally, if the balance of forces is sufficiently close to zero, 
the solution is deemed to have converged, and the solution returned.  

 
This algorithm is shown schematically in Figure 2. 

 
 

Figure 2. Flowchart of the model algorithm. 
 
Definition of CVV 
 
A number of different methods for calculating CVV exist in the literature. Here the method proposed 
by Li et al. [6] is used. Their method considers non-dimensional critical velocity, 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐∗ , and heat 
release rate, �̇�𝑄∗. For low values of �̇�𝑄∗ the critical velocity varies, but above a certain limit 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐∗  has a 
constant value, the so called “super-critical ventilation velocity”. As considerations of CVV are rarely 
concerned with small fires, in this analysis it is (conservatively) assumed that 𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐∗  always 
corresponds to the super-critical ventilation velocity, as described in Equation 1. Furthermore, it is 
assumed that the CVV is not reduced due to the effect of blockage as described by Li et al [6]. This is 
a conservative assumption, as a larger CVV requires more thrust and hence more fans.  
 
𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐∗ = 0.43     𝑓𝑓𝑓𝑓𝑓𝑓 �̇�𝑄∗ > 0.15 (1) 
 
In this model it is assumed that the dimensionless HRR is larger than 0.15. For example, consider a 
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typical two lane road tunnel with a height of 6 m. In this scenario HRR of 15 MW is large enough for 
the dimensionless HRR to exceed 0.15. It has not been demonstrated that WMS can reliably control 
HRR in tunnel fires to below 15 MW. As such it was deemed reasonable to conservatively assume 
that the dimensionless HRR exceeds 0.15 in all scenarios considered here.  
 
Definition of HRR 
 
In order to calculate the HRR of the vehicle in the tunnel, the effects of tunnel geometry, ventilation 
and WMS need to be accounted for. The equations proposed by Carvel et al. for geometry [7] and 
ventilation [8] corrections were used. The correction for geometry is simple: 
 

�̇�𝑄𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = �24 � 𝑊𝑊𝑓𝑓𝑖𝑖𝑖𝑖𝑖𝑖

𝑊𝑊𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑖𝑖𝑡𝑡
�
3

+ 1� �̇�𝑄𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡 (2) 
 
Another multiplier is applied to correct for longitudinal ventilation: 
 
�̇�𝑄𝑣𝑣𝑡𝑡𝑡𝑡𝑐𝑐 = 𝑘𝑘�̇�𝑄𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡   (3) 
 
Carvel’s original study was probabilistic in nature, so there is not a simple equation of the variation of 
k with ventilation velocity. A ‘lookup table’ was incorporated into the model to account for this 
variability, and the user given the ability to select the bands of probability used. In the results 
presented here, the most probable or ‘expectation’ values of k are used. 
 
A further modifier is required to account for the influence of the WMS on the HRR of the fire. 
Unfortunately, while a number of studies have been carried out using fires and water spray systems in 
tunnels, there is insufficient data available at present to define a relationship in the form: 
 
�̇�𝑄𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑘𝑘𝑊𝑊𝑊𝑊𝑊𝑊�̇�𝑄𝑣𝑣𝑡𝑡𝑡𝑡𝑐𝑐  (4) 
 
Studies have claimed that WMS can reduce the HRR to between 20 and 70% of its unsuppressed peak 
[9,10]. Given that no relationship yet exists for this modifier, this has been left as a user defined 
variable, and sensitivity of output to this assumption will be discussed below. 
 
Calculation of pressure, temperature, density, velocity and forces in each CV 
 
In the inlet section, three assumed values and a form of Bernoulli’s equation are used to determine the 
four key properties and the forces acting. The temperature and density are taken to have ambient 
values. The temperature is assumed as equal to ambient because there is no external heat source or 
heat sink acting in this CV. The density is assumed to be equal to ambient using the incompressible 
flow assumption, as the Mach number in this context will always be well below 0.3. The velocity in 
the inlet is initially assumed to be equal to the CVV, and is updated later in the algorithm, as required. 
The mass flow rate of air in the tunnel is calculated at the inlet, as follows:  
 
�̇�𝑚𝑎𝑎𝑐𝑐𝑐𝑐 = 𝜌𝜌𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝐴𝐴𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑉𝑉𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐 = 𝜌𝜌∞𝐴𝐴𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑉𝑉𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐 (5) 

 
A form of Bernoulli’s equation is then used in order to calculate the static pressure at the inlet portal, 
as follows:  
 

𝑝𝑝𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐,𝑜𝑜𝑜𝑜𝑐𝑐𝑐𝑐𝑎𝑎𝑡𝑡 = 𝑝𝑝∞ −
𝜌𝜌𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝑉𝑉𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐2

2
 (6) 

 
This equation gives the pressure at the inlet portal. However, it does not account for pressure losses 
along the length of the inlet section. Jang and Chen [11] proposed five governing equations for the 
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flow in tunnels ventilated longitudinally using jet fans. These equations correspond to: (F1) 
aerodynamic resistance of cars; (F2) wall friction; (F3) portal pressure difference; (F4) jet fan thrust; 
and (F5) inlet flow separation. These are defined below. An additional equation may be needed if a 
fire is present in the CV, this is (F6) the throttling effect, and will be described below. 
 
Using these, the pressure in the inlet CV is calculated as follows: 
 
𝑝𝑝𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐 = 𝑝𝑝𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐,𝑜𝑜𝑜𝑜𝑐𝑐𝑐𝑐𝑎𝑎𝑡𝑡 + 𝛥𝛥𝑝𝑝𝑡𝑡𝑜𝑜𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙,𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐 (7) 

 
where  

𝛥𝛥𝑝𝑝𝑡𝑡𝑜𝑜𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙,𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐 =  
𝐹𝐹1𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐 + 𝐹𝐹2𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐 + 𝐹𝐹5

𝐴𝐴𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
 (8) 

 
𝐹𝐹1𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐 =

−𝜌𝜌𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐
2

𝐶𝐶𝑑𝑑,𝑐𝑐𝑎𝑎𝑐𝑐𝑉𝑉𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐2 𝐴𝐴𝑐𝑐𝑎𝑎𝑐𝑐𝑁𝑁𝑐𝑐𝑎𝑎𝑐𝑐𝑙𝑙,𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐 (9) 
 
𝑁𝑁𝑐𝑐𝑎𝑎𝑐𝑐𝑙𝑙,𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐 =  𝐿𝐿𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐𝐾𝐾𝑐𝑐𝑐𝑐𝑎𝑎𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐 (10) 

 

𝐹𝐹2𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐 =  −𝑓𝑓
𝜌𝜌𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐

2
𝐿𝐿𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐
𝐷𝐷ℎ

𝐴𝐴𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑉𝑉𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐2  (11) 

 
𝐹𝐹5 =  −𝐾𝐾𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑎𝑎𝑡𝑡𝑐𝑐𝑡𝑡

𝜌𝜌𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐
2

𝐴𝐴𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑉𝑉𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐2  (12) 
 
This method results in the calculated CV pressure being slightly too low. It essentially calculates the 
pressure at the end of the CV then assumes that this is the value throughout the CV. It would be more 
accurate to assume the pressure in the CV is equal to the average of the start and end values. 
However, calculating the average value becomes difficult in the later CVs and has negligible impact 
on the solution obtained. As such, this assumption was applied to all of the CVs considered.  
 
In the upstream section, it is again assumed that the density is equal to ambient density, as the flow 
velocity in this context will always result in a Mach number well below 0.3. The temperature is again 
assumed to be equal to the ambient temperature, as there is no external heat source or sink. The inlet 
and upstream densities are both equal to the ambient density, and by extension the upstream velocity 
is equal to the inlet velocity due to the mass balance requirement. The pressure in this CV was 
calculated as follows: 
 
𝑝𝑝𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 = 𝑝𝑝𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐 + 𝛥𝛥𝑝𝑝𝑡𝑡𝑎𝑎𝑡𝑡𝑙𝑙 + 𝛥𝛥𝑝𝑝𝑡𝑡𝑜𝑜𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙,𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 (13) 

 
where 
 

𝛥𝛥𝑝𝑝𝑡𝑡𝑎𝑎𝑡𝑡𝑙𝑙 =
𝐹𝐹4

𝐴𝐴𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
 (14) 

 

𝛥𝛥𝑝𝑝𝑡𝑡𝑜𝑜𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙,𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 =  
𝐹𝐹1𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 + 𝐹𝐹2𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢

𝐴𝐴𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
 (15) 

 
where 𝐹𝐹1𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 and 𝐹𝐹2𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 are calculated the same way as in the inlet CV, and F4 is 
calculated as follows (note the thrust from a single jet fan is 1077 N in ambient conditions): 
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𝐹𝐹4 = 𝑁𝑁𝑡𝑡𝑎𝑎𝑡𝑡𝑙𝑙𝜌𝜌𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢𝐴𝐴𝑡𝑡𝑎𝑎𝑡𝑡𝑉𝑉𝑡𝑡𝑎𝑎𝑡𝑡�𝑉𝑉𝑡𝑡𝑎𝑎𝑡𝑡 − 𝑉𝑉𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢�𝐾𝐾𝑗𝑗 (16) 
 
In the fire zone section, the mass flow rates of pyrolysis gases is calculated as follows: 
 

�̇�𝑚𝑜𝑜𝑝𝑝𝑐𝑐𝑜𝑜𝑡𝑡𝑝𝑝𝑙𝑙𝑐𝑐𝑙𝑙𝑝𝑝𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙 =
�̇�𝑄𝑎𝑎𝑑𝑑𝑗𝑗𝑡𝑡𝑙𝑙𝑐𝑐𝑡𝑡𝑑𝑑
𝛥𝛥𝐻𝐻𝑐𝑐,𝑡𝑡𝑡𝑡𝑡𝑡

 (17) 

 
 
The mass flow rates of water, steam and water that does not evaporate are calculated as follows: 
 
�̇�𝑚𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐 =  �̇�𝑚𝑊𝑊𝑊𝑊𝑊𝑊

′′′ 𝑁𝑁𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡𝑙𝑙𝐿𝐿𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡𝑊𝑊𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝐻𝐻𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 (18) 
 
�̇�𝑚𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 =  �̇�𝑚𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢,𝑐𝑐𝑎𝑎𝑑𝑑𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐𝑜𝑜𝑡𝑡 + �̇�𝑚𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢,𝑐𝑐𝑜𝑜𝑡𝑡𝑣𝑣𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜𝑡𝑡 (19) 

 
�̇�𝑚𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐 = (1 −  𝑥𝑥𝑡𝑡𝑣𝑣𝑎𝑎𝑜𝑜)�̇�𝑚𝑐𝑐𝑡𝑡𝑢𝑢𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐𝑡𝑡𝑟𝑟 (20) 

 
where  
 

�̇�𝑚𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢,𝑐𝑐𝑎𝑎𝑑𝑑𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐𝑜𝑜𝑡𝑡 =
𝜒𝜒𝑐𝑐𝑎𝑎𝑑𝑑�̇�𝑄𝑎𝑎𝑑𝑑𝑗𝑗𝑡𝑡𝑙𝑙𝑐𝑐𝑡𝑡𝑑𝑑

ℎ𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢,373 − ℎ𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐,∞
 (21) 

 
�̇�𝑚𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢,𝑐𝑐𝑜𝑜𝑡𝑡𝑣𝑣𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜𝑡𝑡 = 𝑥𝑥𝑡𝑡𝑣𝑣𝑎𝑎𝑜𝑜�̇�𝑚𝑐𝑐𝑡𝑡𝑢𝑢𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐𝑡𝑡𝑟𝑟 (22) 

 
�̇�𝑚𝑐𝑐𝑡𝑡𝑢𝑢𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐𝑡𝑡𝑟𝑟 = �̇�𝑚𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐 −  �̇�𝑚𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢,𝑐𝑐𝑎𝑎𝑑𝑑𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐𝑜𝑜𝑡𝑡 (23) 

 
It is assumed that all of the radiation energy released by the fire is used to evaporate water. This 
assumption is made for several reasons. Firstly, water mist has been experimentally observed to 
strongly attenuate and absorb radiation [12]. Secondly, making this assumption results in higher 
downstream forces, which is a conservative result in the context of this work. Thirdly, it allows the 
heat losses model to meet its required boundary condition. The downstream forces acting on the flow 
are dependent on the value of the term 𝜌𝜌𝑑𝑑𝑜𝑜𝑤𝑤𝑡𝑡𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢𝑉𝑉𝑑𝑑𝑜𝑜𝑤𝑤𝑡𝑡𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢2 . By increasing the mass of steam in 
the air, the value of this term also increases. Increasing the mass of steam in the air also increases the 
specific ideal gas constant of the mixture. This lowers the density, which causes an increased velocity 
and hence increases the value of the 𝜌𝜌𝑑𝑑𝑜𝑜𝑤𝑤𝑡𝑡𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢𝑉𝑉𝑑𝑑𝑜𝑜𝑤𝑤𝑡𝑡𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢2  term. The heat losses model used has a 
boundary condition requiring that the heat transfer by convection to the tunnel surface is equal to the 
heat transfer by conduction at the surface. For this boundary condition to be valid, the heat transfer by 
radiation must be negligible. Assuming that all of the radiant heat was attenuated by water mist allows 
this boundary condition to be met. The presence of water in smoke reduces the emission and 
transmission of radiation, thus reducing the radiant heat transfer between smoke and the tunnel walls 
[12]. 
 
The amount of water evaporated due to the convective heat release is assumed to depend on a user 
specified value for 𝑥𝑥𝑡𝑡𝑣𝑣𝑎𝑎𝑜𝑜. This is a crude assumption, the implications of which are discussed further 
below. This value is set to zero by default. It is assumed that the temperature of liquid water 
suspended in the flow is equal to the temperature in the fire zone. This can lead to a problem for fire 
zone temperatures in excess of 100 ºC, as it creates a large energy barrier. Setting 𝑥𝑥𝑡𝑡𝑣𝑣𝑎𝑎𝑜𝑜 to zero 
essentially means that the system has to provide enough energy to evaporate all of the water if the 
temperature is to exceed 100 ºC.  
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The mass flow rate of gas leaving the fire zone CV is then calculated as follows: 
 
�̇�𝑚𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 =  �̇�𝑚𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 + �̇�𝑚𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + �̇�𝑚𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 (24) 

 
An energy balance is solved iteratively in order to determine the four key properties and the forces 
acting on the CV. The energy balance solved was based on the following steady state form described 
by Moran and Shapiro [13]: 
 

�̇�𝐸𝐶𝐶𝐶𝐶 = 0 =  �̇�𝑄𝐶𝐶𝐶𝐶 −  �̇�𝑊𝐶𝐶𝐶𝐶 +  �̇�𝑚𝑐𝑐𝑡𝑡 �ℎ𝑐𝑐𝑡𝑡 +
𝑉𝑉𝑐𝑐𝑡𝑡2

2
+ 𝑔𝑔𝑧𝑧𝑐𝑐𝑡𝑡� −  �̇�𝑚𝑜𝑜𝑡𝑡𝑐𝑐 �ℎ𝑜𝑜𝑡𝑡𝑐𝑐 +

𝑉𝑉𝑜𝑜𝑡𝑡𝑐𝑐2

2
+ 𝑔𝑔𝑧𝑧𝑜𝑜𝑡𝑡𝑐𝑐� (25) 

 
The general energy balance equation above was altered into the following form in order to analyse the 
fire zone CV: 
 

�̇�𝐸𝐶𝐶𝐶𝐶 = 0 =  �̇�𝑄𝐶𝐶𝐶𝐶 −  �̇�𝑊𝐶𝐶𝐶𝐶 +  �̇�𝑚𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 �ℎ𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 +
𝑉𝑉𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢2

2
+ 𝑔𝑔𝑧𝑧𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢�

+  �̇�𝑚𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐 �ℎ𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐 +
𝑉𝑉𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐2

2
+ 𝑔𝑔𝑧𝑧𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐�

−  �̇�𝑚𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 �ℎ𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 +
𝑉𝑉𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡2

2
+ 𝑔𝑔𝑧𝑧𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡�

−  �̇�𝑚𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐 �ℎ𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐 +
𝑉𝑉𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡2

2
+ 𝑔𝑔𝑧𝑧𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐� 

(26) 

 
The value of �̇�𝑄𝐶𝐶𝐶𝐶 is calculated as follows: 
 
�̇�𝑄𝐶𝐶𝐶𝐶 = �̇�𝑄𝑎𝑎𝑑𝑑𝑗𝑗𝑡𝑡𝑙𝑙𝑐𝑐𝑡𝑡𝑑𝑑 − �̇�𝑄𝑡𝑡𝑜𝑜𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙 (27) 

 
where �̇�𝑄𝑎𝑎𝑑𝑑𝑗𝑗𝑡𝑡𝑙𝑙𝑐𝑐𝑡𝑡𝑑𝑑 is the value calculated earlier in the algorithm and �̇�𝑄𝑡𝑡𝑜𝑜𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙 is calculated as follows: 
 
�̇�𝑄𝑡𝑡𝑜𝑜𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙 = ℎ𝐴𝐴𝑙𝑙𝑡𝑡𝑐𝑐𝑡𝑡𝑎𝑎𝑐𝑐𝑡𝑡,𝐶𝐶𝐶𝐶�𝑇𝑇𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 − 𝑇𝑇𝑙𝑙𝑡𝑡𝑐𝑐𝑡𝑡𝑎𝑎𝑐𝑐𝑡𝑡� (28) 

 

ℎ =
𝑁𝑁𝑁𝑁 ∙ 𝑘𝑘𝑎𝑎𝑐𝑐𝑐𝑐𝑇𝑇𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡

𝐷𝐷ℎ
 (29) 

 

𝑁𝑁𝑁𝑁 =  0.125𝑓𝑓 ∙ 𝑅𝑅𝑅𝑅 ∙ 𝑃𝑃𝑓𝑓𝑎𝑎𝑐𝑐𝑐𝑐
1
3 𝑇𝑇𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡         𝑅𝑅𝑅𝑅 > 10,000 

𝑁𝑁𝑁𝑁 =  3                                                            𝑅𝑅𝑅𝑅 ≤ 10,000 
(30) 

 

𝑅𝑅𝑅𝑅 =
𝑉𝑉𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡𝐷𝐷ℎ
𝜈𝜈𝑎𝑎𝑐𝑐𝑐𝑐𝑇𝑇𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡

 (31) 

 
The values for 𝑘𝑘𝑎𝑎𝑐𝑐𝑐𝑐, 𝑃𝑃𝑓𝑓𝑎𝑎𝑐𝑐𝑐𝑐, and 𝜈𝜈𝑎𝑎𝑐𝑐𝑐𝑐 are functions of the fire zone temperature, taken from tabulated 
data [14]. The equations for 𝑁𝑁𝑁𝑁 (Equ. 30) are taken from [15] for internal forced convection. The 
value of 𝑇𝑇𝑙𝑙𝑡𝑡𝑐𝑐𝑡𝑡𝑎𝑎𝑐𝑐𝑡𝑡 is calculated using a model suggested by Drysdale [16] for semi-infinite masses 
with the following boundary condition: the heat transferred to the surface by convection is equal to 
the heat transferred through the surface by conduction, after starting at ambient conditions.  The 
equation used is as follows: 
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𝑇𝑇𝑙𝑙𝑡𝑡𝑐𝑐𝑡𝑡𝑎𝑎𝑐𝑐𝑡𝑡 = 𝑇𝑇∞ + �𝑇𝑇𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 − 𝑇𝑇∞� �1 − exp �
𝛼𝛼𝛼𝛼

(𝑘𝑘 ℎ⁄ )2
� ∙ erfc�

(𝛼𝛼𝛼𝛼)0.5

𝑘𝑘 ℎ⁄ �� (32) 

 
The values of 𝛼𝛼 and 𝑘𝑘 are set as 5 × 10−7 𝑢𝑢

2

𝑙𝑙
 and 1 𝑊𝑊

𝑢𝑢𝑚𝑚
 respectively, assuming the tunnel walls are 

made of concrete [16]. The value of 𝛼𝛼 was increased from zero in arbitrary steps of 60 s, until the 
surface temperature was changing by less than an arbitrary amount of 1% per iteration. These 
conditions were deemed to be close enough to steady state.  
 
The value of �̇�𝑊𝐶𝐶𝐶𝐶 is calculated as follows: 
 
�̇�𝑊𝐶𝐶𝐶𝐶 = 𝑉𝑉𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡�𝐹𝐹1𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 + 𝐹𝐹2𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 + 𝐹𝐹6� (331) 

 
The values of ℎ𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 and 𝑉𝑉𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 were calculated previously. The value of 𝑧𝑧𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 is equal to 
half the tunnel height, as this is the average elevation. The value of ℎ𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐 is taken from tabulated 
data by the National Institute of Standards and Technology (NIST) [17] and is assumed to be at 
ambient conditions of 20 ºC and 101,325 Pa. The value of 𝑉𝑉𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐 is based on properties of the WMS, 
and is calculated as follows: 
 

𝑉𝑉𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐 =
𝐾𝐾𝑡𝑡𝑜𝑜𝑧𝑧𝑧𝑧𝑡𝑡𝑡𝑡𝑝𝑝𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐
𝜌𝜌𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐𝐴𝐴𝑡𝑡𝑜𝑜𝑧𝑧𝑧𝑧𝑡𝑡𝑡𝑡

 (34) 

 
The value of 𝑧𝑧𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐 is equal to the height of the tunnel as it is assumed that the WMS is located at 
ceiling level. The value of ℎ𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 is calculated as follows: 
 

ℎ𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 = ℎ𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡,𝑎𝑎𝑐𝑐𝑐𝑐
�̇�𝑚𝑎𝑎𝑐𝑐𝑐𝑐 +  �̇�𝑚𝑜𝑜𝑝𝑝𝑐𝑐𝑜𝑜𝑡𝑡𝑝𝑝𝑙𝑙𝑐𝑐𝑙𝑙𝑝𝑝𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙

�̇�𝑚𝑑𝑑𝑜𝑜𝑤𝑤𝑡𝑡𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢
+ ℎ𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡,𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢

�̇�𝑚𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢

�̇�𝑚𝑑𝑑𝑜𝑜𝑤𝑤𝑡𝑡𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢
 (35) 

 
The values of ℎ𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡,𝑎𝑎𝑐𝑐𝑐𝑐 and ℎ𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡,𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢are found using tabulated values for the specific 
enthalpy based on an input temperature, with linear interpolation between values where applicable. 
The temperature of the air is equal to the fire zone temperature. The temperature of the steam is taken 
as the larger of the fire zone temperature or 100 ºC. The specific enthalpy values of air and steam are 
taken from Moran and Shapiro [13] and NIST [17] respectively. The mass flow rate of pyrolysis gases 
is included with the air term, as it is difficult to estimate the specific enthalpy of pyrolysis gases. The 
value of 𝑉𝑉𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 is calculated as follows: 
 

𝑉𝑉𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 =
�̇�𝑚𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡

𝜌𝜌𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡𝐴𝐴𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
 (36) 

 
where 𝜌𝜌𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 is calculated using the ideal gas law, as follows: 
 
𝜌𝜌𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 =

𝑝𝑝𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡
𝑅𝑅𝑢𝑢𝑐𝑐𝑚𝑚𝑇𝑇𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡

 (37) 

 
The ideal gas constant of the mixture is calculated based on the mass fractions of steam and air in the 
mixture. The influence of pyrolysis gases on this value is ignored, as it is difficult to estimate the 
molar mass and the mass fraction is low. The value of 𝑅𝑅𝑢𝑢𝑐𝑐𝑚𝑚 is calculated as follows: 
 
𝑅𝑅𝑢𝑢𝑐𝑐𝑚𝑚 = 𝑅𝑅𝑎𝑎𝑐𝑐𝑐𝑐

𝑚𝑚𝑎𝑎𝑐𝑐𝑐𝑐

𝑚𝑚𝑎𝑎𝑐𝑐𝑐𝑐 + 𝑚𝑚𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢
+  𝑅𝑅𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢

𝑚𝑚𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢

𝑚𝑚𝑎𝑎𝑐𝑐𝑐𝑐 + 𝑚𝑚𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢
 (38) 

 
The value of 𝑝𝑝𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 is calculated as follows: 
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𝑝𝑝𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 = 𝑝𝑝𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 + 𝛥𝛥𝑝𝑝𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 (39) 

 

𝛥𝛥𝑝𝑝𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 =
𝐹𝐹1𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 + 𝐹𝐹2𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 + 𝐹𝐹6

𝐴𝐴𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
 (40) 

 
where F6 is the force due to the throttling effect of fire. 
 
The value of 𝐹𝐹1𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 is calculated in the same way as for previous CVs, except that values for 
𝐶𝐶𝑑𝑑,𝐻𝐻𝑝𝑝𝐶𝐶 and 𝐴𝐴𝐻𝐻𝑝𝑝𝐶𝐶 are used instead of the corresponding values for cars, and the value of 𝑁𝑁𝐻𝐻𝑝𝑝𝐶𝐶 is set to 
one. The value of 𝐹𝐹2𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 is calculated in the same way as for previous CVs. The value of F6 is 
calculated as follows: 
 
𝐹𝐹6 = 𝐹𝐹6𝑎𝑎𝑐𝑐𝑐𝑐 + 𝐹𝐹6𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 + 𝐹𝐹6𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐 (41) 

 
𝐹𝐹6𝑎𝑎𝑐𝑐𝑐𝑐 =  �̇�𝑚𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢�𝑉𝑉𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 − 𝑉𝑉𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡� (42) 

 
𝐹𝐹6𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 = �̇�𝑚𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢�0− 𝑉𝑉𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡� (43) 

 
𝐹𝐹6𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐 =  �̇�𝑚𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐�0 − 𝑉𝑉𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡� (44) 

 
The throttling model proposed by Chaiken & Hwang [18] was used rather than that proposed by 
Dutrieue and Jacques [19]. This decision was made because the latter model does not account for the 
gas cooling effect of the WMS or the effect of the added water mass; it is only dependent on the HRR, 
hydraulic diameter, and upstream ventilation velocity. In contrast, the model used does depend on 
both the mass flow rate and the gas temperature. Adding water increases the mass flow rate and hence 
increases the throttling effect. Decreasing the temperature results in a reduced throttling effect.  
 
The value of 𝑧𝑧𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 is taken as half the tunnel height. The value of ℎ𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐 is taken from 
tabulated data by NIST [17], assuming the temperature is the lower of the fire zone temperature or 
100 ºC. It is assumed that 𝑉𝑉𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐 is equal to the velocity in the rest of the CV before it hits the 
ground. The value of 𝑧𝑧𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐 is zero. 
 
The energy balance is then considered as follows: 
 

�̇�𝐸𝐶𝐶𝐶𝐶 = 0 =  �̇�𝑄𝑎𝑎𝑑𝑑𝑗𝑗𝑡𝑡𝑙𝑙𝑐𝑐𝑡𝑡𝑑𝑑 −  �̇�𝑄𝑡𝑡𝑜𝑜𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙 + �̇�𝑚𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 �ℎ𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢 +
𝑉𝑉𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢2

2
+ 𝑔𝑔𝑧𝑧𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢�

+  �̇�𝑚𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐 �ℎ𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐 +
𝑉𝑉𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐2

2
+ 𝑔𝑔𝑧𝑧𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐�

−  �̇�𝑚𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 �ℎ𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 +
𝑉𝑉𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡2

2
+ 𝑔𝑔𝑧𝑧𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡� 

                           − �̇�𝑚𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐 �ℎ𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐  +
𝑉𝑉𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡2

2 � 

(45) 

 
Of these terms, only �̇�𝑄𝑡𝑡𝑜𝑜𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙, ℎ𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡, 𝑉𝑉𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡, and ℎ𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐 are dependent on the four key 
variables in the fire zone CV; the rest of the variables are constant. As such the energy balance can 
then be considered in the following form: 
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−�̇�𝑄𝑡𝑡𝑜𝑜𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙 + �̇�𝑚𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 �ℎ𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡 +
𝑉𝑉𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡2

2 � − �̇�𝑚𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐 �ℎ𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐  +
𝑉𝑉𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡2

2 � = 𝐶𝐶 (46) 

 
The temperature is then varied and the calculation process iterated until the energy balance is 
satisfied. At this point, converged values for the four key properties and the forces acting on the CV 
are obtained.  
 
The analysis performed in the downstream CVs is very similar to that in the fire zone. Again the 
elevation terms are cancelled out, and the mass flow rates are equal. Using these assumptions, the 
energy balance in the first CV takes the following form: 
 

�̇�𝐸𝐶𝐶𝐶𝐶,𝑡𝑡 = 0 =  �̇�𝑄𝐶𝐶𝐶𝐶,𝑡𝑡 − �̇�𝑊𝐶𝐶𝐶𝐶 +  �̇�𝑚 �ℎ𝐶𝐶𝐶𝐶,𝑡𝑡−1 +
𝑉𝑉𝐶𝐶𝐶𝐶,𝑡𝑡−1
2

2
− ℎ𝐶𝐶𝐶𝐶,𝑡𝑡 −

𝑉𝑉𝐶𝐶𝐶𝐶,𝑡𝑡
2

2 � (47) 

 
The value of �̇�𝑄𝐶𝐶𝐶𝐶 is simply equal to the value of �̇�𝑄𝑡𝑡𝑜𝑜𝑙𝑙𝑙𝑙𝑡𝑡𝑙𝑙 in the CV under consideration, which is 
calculated the same way as in the fire zone. The subscript 𝑛𝑛 denotes which CV is being considered. In 
the first downstream CV the value of 𝑛𝑛 is 1 and the subscript 𝑛𝑛 − 1 refers to the fire zone CV. Again 
the energy balance equation is solved by varying the temperature and iterating the calculation process 
until convergence is achieved.  
 
Force balance 
 
Once all these calculations have been carried out, all of the forces considered are summed, in order to 
determine if there is a shortfall or an excess of thrust from the jet fans. If there is a shortfall, another 
fan is added and the process repeated. If there is an excess, the inlet velocity is increased and the 
process repeated, until the forces are balanced. An arbitrary value of ± 1 N is used as the threshold for 
acceptable convergence. 
 
 
RESULTS 
 
A case study was performed on a 6 m wide × 6 m high × 600 m long tunnel as an example. Initially, 
the tunnel was considered without a fire and without WMS operation, to establish baseline 
characteristics of aerodynamic resistance, friction resistance, portal pressure difference and inlet flow 
separation resistance. Then, the tunnel was considered for a range of unsuppressed fires. This was to 
demonstrate the throttling effect and the impact of increased downstream temperatures on the other 
forces. Finally, the tunnel was considered with WMS operation. The influence of the WMS is 
analysed and discussed.  
 
Tunnel flow, no fire, no WMS 
 
The number of lanes was set to two in order to determine the number of cars in the tunnel. Drag 
coefficients for a HGV and an average car were selected, based on values from Colella [20]. 
According to Colella, traffic density during morning rush hour ranges from 8-23 vehicles/lane/km 
[20]. Based on this, a value of 15 vehicles/lane/km was applied. The fan diameter and outlet velocity 
used were specified according to Pollrich [21]. Jang and Chen specified values of 0.9 and 0.6 for the 
pressure rise coefficient and the entry loss coefficient respectively [11].  
 
It was found that three fans were needed to induce a forced ventilation flow with velocity larger than 
the calculated CVV in this scenario. It was observed that wall friction (F2) was the greatest force 
acting against the flow in this scenario, with a force of -529 N. 
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Tunnel flow, with fire, no WMS 
 
When a fire is introduced into the model, but no WMS is included, the minimum number of jet fans 
required to achieve CVV was found to increase with fire size as shown in Figure 3. This makes sense, 
as F1 (aerodynamic resistance of cars), F2 (wall friction) and F6 (throttling effect) all increase with 
increased downstream temperatures. 

 
Using the model for unsuppressed fires has limitations that must be acknowledged. The equations 
used to model heat losses through the tunnel walls are not suited to this scenario, as they assume the 
radiation heat transfer to the tunnel walls is negligible. This assumption is only valid if WMS is 
present, so is not accurate for unsuppressed tunnel fires; in reality in this situation, a large amount of 
radiant heat would be transferred to the walls. This would result in lower temperatures downstream 
than were calculated in the model. Given that higher downstream temperatures result in higher 
resisting forces, it would appear that the model may over-predict the number of fans required to 
prevent backlayering, without WMS. The use of a one-dimensional model also has its limitations 
when considering unsuppressed fires. Due to the buoyancy of hot gases, the temperature at the top of 
the tunnel is likely to be much higher than at road level. This is a problem for the model which 
assumes that the temperature is the same over the entire height of the tunnel at a given longitudinal 
location. At large distances from the fire, the smoke stratification may be limited and the model may 
become more applicable. However, despite these limitations, the model still identifies the trends likely 
to occur. These trends are useful as long as the limitations of the model are understood and taken into 
account.  

  
Figure 3. Number of fans required to prevent 
backlayering as a function of HRR, no WMS. 

 

Figure 4. Number of fans required to prevent 
backlayering as a function of HRR,  
for a HRR reduction factor of 0.7 

  
Figure 5. Number of fans required to prevent 

backlayering as a function of HRR,  
for a HRR reduction factor of 0.45 

Figure 6. Number of fans required to prevent 
backlayering as a function of HRR,  
for a HRR reduction factor of 0.2 
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Tunnel flow, with fire and WMS 
 
When WMS is introduced into the model, the uncertainties due to assumptions of heat transfer are 
considerably reduced. However, the actual effect of the WMS on the HRR remains uncertain. Here, 
the value of 𝑘𝑘𝑊𝑊𝑊𝑊𝑊𝑊 was varied from 20-70% in line with the values reported in literature [9,10,12]. 
This allowed comparison of outputs for the same input HRRs. In the example modelled, the length of 
a WMS zone was set to 30 m, three zones were used, and the water flux density was varied from 0.3-
0.7 l/min/m3 (1.8-4.2 l/min/m2). 
 
Results are presented for cases where the downstream gas temperatures were below 100 ºC, as it was 
observed that the model has limited reliability beyond this temperature. The proportion of remaining 
water evaporating was set to 0%.  
 
The estimated number of fans required to prevent backlayering is shown in Figures 4-6. The HRR on 
the x-axis is the ‘unadjusted’ HRR; this corresponds to the HRR shown in Figure 3. This HRR was 
then multiplied by the appropriate 𝑘𝑘𝑊𝑊𝑊𝑊𝑊𝑊 value in order to find the number of fans required to prevent 
backlayering for this ‘unadjusted’ HRR. 
 
Several observations can be made from these graphs. Figures 4-6 all show that when the fire is small 
(below about 15MW), increasing the water flux density increases the number of fans required to 
prevent backlayering (from 3 to 4). However, in all three simulations, the results show that it is never 
required to have more than four fans with WMS, whereas unsuppressed fires require five fans for 
smoke control above a fire size of 29 MW. When a very high water density is applied, four fans are 
required to achieve CVV, even when no fire is included. 
 
It should be noted that the model does not consider the variation of CVV with fire size at low HRRs, 
as discussed above. Thus the results at 5 - 15 MW may not be as accurate as the results at higher 
HRRs.  
 
 
CONCLUDING COMMENTS 
 
A one-dimensional CV model was implemented in MATLAB to analyse the relationship between the 
operation of a WMS and the number of jet fans required to prevent smoke backlayering in a tunnel 
fire. It was found that a WMS has a mixed effect on the number of fans required. At low HRRs it was 
found that the WMS slightly increased the number of fans required. This is likely due to resistance 
generated in accelerating the relatively large mass of water to the speed of the fire zone flow. 
However, for heat release rates larger than 15 MW, it was found that a WMS reduced the number of 
fans required. It was supposed that two main mechanisms responsible for this reduced number of fans 
are HRR reduction and downstream gas cooling. The forces acting against the jet fans were found to 
be heavily influenced by the downstream temperatures generated by the fire. Hence when a WMS is 
activated, the magnitudes of these forces are most likely reduced.  
 
The model could be improved in many ways. The relationship between WMS operation and HRR is 
not well understood, and full-scale experiments are required in order to quantify this relationship. The 
proportion of water evaporated during WMS operation is also unknown, and full-scale data would be 
useful for estimating the gas temperatures downstream of a fire. The throttling effect of fire also needs 
investigated at full-scale. The interaction between water mist and longitudinal ventilation is also 
poorly understood at present, and may prove to be a major limitation of water mist systems if tested at 
full-scale. Unfortunately, it is very costly to carry out experiments at full-scale, so it may be some 
time before these key relationships are understood in more depth.  
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NOMENCLATURE 
 
CV Control Volume 
CVV Critical Ventilation Velocity 
FFFS Fixed Fire Fighting System 
HRR  Heat Release Rate 
WMS Water Mist System 
𝐴𝐴𝑙𝑙𝑡𝑡𝑐𝑐𝑡𝑡𝑎𝑎𝑐𝑐𝑡𝑡,𝐶𝐶𝐶𝐶  Surface area of the CV 
𝐴𝐴𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  Cross-sectional area of the tunnel 
ℎ (Eq. 21 & 26) Specific enthalpy 
ℎ (Eq. 28) Convective heat transfer coefficient of the flow 
ℎ𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢,373  Specific enthalpy of steam at 373 K  
ℎ𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐,∞   Specific enthalpy of ambient water  
k Carvel’s ventilation coefficient [8] 
𝑘𝑘 (Eq. 32) Thermal conductivity of a solid 
kWMS Coefficient to account for the influence of WMS on HRR (user defined) 
𝑘𝑘𝑎𝑎𝑐𝑐𝑐𝑐 Thermal conductivity of air 
𝐾𝐾𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐𝑎𝑎𝑡𝑡𝑐𝑐𝑡𝑡  Entrance loss coefficient 
𝐾𝐾𝑗𝑗  Jet fan coefficient 
𝐾𝐾𝑐𝑐𝑐𝑐𝑎𝑎𝑡𝑡𝑡𝑡𝑐𝑐𝑐𝑐  Car density 
𝐿𝐿𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡  Length of one WMS zone 
�̇�𝑚  Mass flow rate across the CV boundary 
�̇�𝑚𝑎𝑎𝑐𝑐𝑐𝑐  Mass flow rate of air 
�̇�𝑚𝑜𝑜𝑝𝑝𝑐𝑐𝑜𝑜𝑡𝑡𝑝𝑝𝑙𝑙𝑐𝑐𝑙𝑙𝑝𝑝𝑎𝑎𝑙𝑙𝑡𝑡𝑙𝑙 Mass flow rate of pyrolysis gases 
�̇�𝑚𝑐𝑐𝑡𝑡𝑢𝑢𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐𝑡𝑡𝑟𝑟  Remaining amount of water  
�̇�𝑚𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢,𝑐𝑐𝑜𝑜𝑡𝑡𝑣𝑣𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑜𝑜𝑡𝑡  Mass flow rate of steam created by the evaporation of water due to convection  
�̇�𝑚𝑙𝑙𝑐𝑐𝑡𝑡𝑎𝑎𝑢𝑢,𝑐𝑐𝑎𝑎𝑑𝑑𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐𝑜𝑜𝑡𝑡  Mass flow rate of steam created by the evaporation of water due to radiation 
�̇�𝑚𝑤𝑤𝑎𝑎𝑐𝑐𝑡𝑡𝑐𝑐,𝑡𝑡𝑜𝑜𝑙𝑙𝑐𝑐  Mass flow rate of water that does not evaporate and falls to the ground 
�̇�𝑚𝑊𝑊𝑊𝑊𝑊𝑊
′′′   WMS water flux density 

𝑁𝑁𝑐𝑐𝑎𝑎𝑐𝑐𝑙𝑙,𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐  Number of cars in the inlet section 
𝑁𝑁𝑧𝑧𝑜𝑜𝑡𝑡𝑡𝑡𝑙𝑙  Number of WMS zones 
𝑁𝑁𝑁𝑁  Nusselt number 
𝑝𝑝∞  Ambient pressure 
𝑝𝑝𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐,𝑜𝑜𝑜𝑜𝑐𝑐𝑐𝑐𝑎𝑎𝑡𝑡  Pressure at the inlet portal 
𝑃𝑃𝑓𝑓𝑎𝑎𝑐𝑐𝑐𝑐 Prandtl number (of the air) 
�̇�𝑄∗  Non-dimensional Heat Release Rate 
�̇�𝑄𝐶𝐶𝐶𝐶  Heat transferred across the CV boundary 
�̇�𝑄𝑜𝑜𝑜𝑜𝑡𝑡𝑡𝑡  HRR of the design fire in the open air 
�̇�𝑄𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡  HRR corrected for tunnel geometry (but not ventilation) 
�̇�𝑄𝑣𝑣𝑡𝑡𝑡𝑡𝑐𝑐   HRR corrected for tunnel ventilation (and geometry) 
�̇�𝑄𝑊𝑊𝑊𝑊𝑊𝑊  HRR corrected for the presence of water mist 
𝑉𝑉  Velocity 
𝑉𝑉𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐∗   Non-dimensional Critical Ventilation Velocity 
𝑉𝑉𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐   Air velocity at the inlet  
𝑊𝑊𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡  Width of the vehicle on fire  
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𝑊𝑊𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 Width of the tunnel 
�̇�𝑊𝐶𝐶𝐶𝐶  Work transferred across the CV boundary  
𝑥𝑥𝑡𝑡𝑣𝑣𝑎𝑎𝑜𝑜  Proportion of remaining water evaporated due to convection 
𝑧𝑧 Average elevation 
𝛼𝛼  Thermal diffusivity of a solid  
𝜈𝜈𝑎𝑎𝑐𝑐𝑐𝑐  Kinematic viscosity of air 
𝜌𝜌∞  Ambient air density 
𝜌𝜌𝑐𝑐𝑡𝑡𝑡𝑡𝑡𝑡𝑐𝑐  Density of air at the inlet  
𝜒𝜒𝑐𝑐𝑎𝑎𝑑𝑑  Radiative fraction (taken as 0.35 [9]) 
𝛥𝛥𝐻𝐻𝑐𝑐,𝑡𝑡𝑡𝑡𝑡𝑡  Effective heat of combustion of the fuel in the tunnel 
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ABSTRACT 
 
Driven by climate change, the need to reduce the production of climate-wrecking gases, especially 
CO2, is resulting in a diversification in the mobility sector. Therefore, the number of vehicles using 
so-called new energy carriers (NEC), in particular electric drive concepts, is constantly increasing. 
Electric vehicles itself as well as the mixture of vehicles are causing new fire risks, which are 
currently hardly known. Moreover, this risks are even intensified when occurring in underground 
facilities.These circumstances are demanding for research on those new fire risks. The German 
research project SUVEREN is focussing on the described deficit. Various fire tests with NECs, 
including different types of lithium-ion batteries, have been conducted. Furthermore, a design fire 
curve for modern passenger cars regardless their propulsion system was developed. This curve can be 
utilized for designing underground facilities when using performance-based design. 
 
KEYWORDS: NEC, Lithium-Ion batteries, Electric vehicle, Fire tests 
 
BACKGROUND 
The global climate change has resulted in a change of the public opinion and further politic decisions 
towards more sustainable technologies in many countries. One important aspect is to reduce the 
production of CO2 gas. This has been impacting especially the transportation and car production 
sectors to wide extend. It is expected that car manufacturers will face multibillion fines in 2020/2021 
for not reaching ambitious CO2 goals set by the European Union. Such political decisions have made 
the development of alternative technologies extremely fast to reduce the CO2 emissions of transport. 
Vehicles with New Energy Carriers (NECs) meaning vehicles using alternative energies as primary or 
secondary drive system are one of the results of this. NECs include different kinds of technologies but 
the currently most common are those based on some sort of electric drive concept (e.g. fully electric, 
hybrid oder fuel-cell vehicles) or gaseous-fuelled combustion engines (CNG, LNG, LPG, hydrogen), 
see Figure 1.  
There are various expectations how different technologies and markets will develop. Nowadays, 
electric vehicles based on Lithium-Ion batteries (LIBs) are considered the primary solution for NECs. 
This can be fully electric (battery electric vehicle, BEV) or hybrid vehicles combining an internal 
combustion engine and an electric drive. Also hydrogen fuel cell electric vehicles (FCEV) utilise 
batteries, typically Lithium-Ion based, as energy storage system. In addition, the development of 
autonomous driving is proceeding. Fully autonomous operation is relatively complex to realise with a 
conventional combustion engine (ICE) drive compared to the electric motor. This also supports the 
development of different technologies using electric drives. 
 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

405



 
Figure 1 Forecast of the number and the market share of combustion, hybrid and electric vehicles 

[1]. 
 
As the NECs using fully or partially electric drives have become more common, their fire risks have 
to be evaluated. These are typically compared to the hazards of conventional ICEs, which have been 
the main technology for over a hundred of years. Electric vehicles have very different burning 
charasteristics which largely result from the Lithium-Ion batteries they are using. Vehicles with 
flammable gaseous fuels have also many diffrences compared to combustion engine vehicles. The fire 
engineering has definitely been much slower than the development of vehicles. The recent focus has 
also been a lot on the fuel and drive type instead of a holistic approach analysing how car size and 
materials have changed in general.  
 
Current safety concepts and standards for planning and operation of different facilities, rescue 
concepts as well as firefighting measures are mainly based on the risks of conventional energy 
carriers, whereas NEC related risks are not taken into account so far. Underground facilities are 
especially vulnerable for fires since they form a confined space with limited volume. In that way, the 
effects of fire are maximising as well as challenging the fire fighting and rescue operations the most. 
According to the prognosis of the number of NEC vehicles increasing, a raise of fire incidents 
involving such vehicles needs to be considered. Up to now, some underground facilities, e.g. car parks 
or bus terminals in many countries, are designed following primarily prescriptive standards1 not 
including additional risks of NECs or any other variables. Moreover, there is a lack of detailed 
knowledge concerning the NEC specific risks themselves. This all is covered by the SUVEREN 
research project that is presented in this paper. 
 
 
RESEARCH PROJECT SUVEREN 
The Federal Institute of Education and Research in Germany (BMBF) is funding the research project 
“Safety in Urban Underground Structures due to the Use of New Energy Carriers” – SUVEREN 
(Figure 2). 
 

1 Like the „Musterbauordnung“ and the “Muster-Garagenverordnung“ in Germany [2] 
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Figure 2 Logo of research project SUVEREN 
 
The project focus is the evaluation of additional risks caused by the increasing numbers of NEC 
vehicles in underground facilities in Germany. The project also tries to develop experimental 
knowledge and design tools (also numeric) to derive suitable safety concepts that include the best 
practice. 
 
SUVEREN focusses on the following underground facilities designed according to prescriptive 
standards and being considered as the most relevant in urban areas: 

• Underground car parks/ confined parking spaces 
• Bus terminals 
• Bus depots 
• Tunnels 
• Delivery zones 

 
In contrast to the current prescriptive design standards, especially in Germany, the research project 
SUVEREN develops tools and concepts for a performance-based design. In that way, the specific 
requirements arising by way of usage and occurring risks and hazards can be met with individual 
designs. The purpose is to develop design guidance reports to be used for different stakeholders like 
operators, designers and fire services. 
 
The SUVEREN project has a total budget of 1.2 M€ and its duration is from 2017-2020. The project 
includes widespread working packages, covering literature studies about the status quo of NEC 
vehicles and suitable fixed firefighting systems, real world case studies, the modelling of NEC fire 
risks as well as the modifications of safety concepts, standards and education programs to address the 
NEC fire risks.  
 
This paper focuses on two main elements that have been carried out in the project. One is a new 
design fire curve for passenger vehicles with all kinds of drives, ICEs and NECs. Secondly, 
preliminary results of the fire tests with LIBs are presented. 
 
Passenger vehicle design fire curve 
 
One fundamental element of performance-based design is a design fire curve. It is needed to describe 
the worst-credible fire risk in the specific facility being designed. The SUVEREN research project 
worked out a design fire curve for modern cars that can be used for designing underground or 
confined car parks. The design fire curve is needed for example in the evaluation of life safety aspects 
like evacuation as well as smoke management. The curve indicates the heat release rate (HRR) being 
the rate of energy released per time.  
 
Commonly, design fire curves are used for the life safety design of road and rail tunnels where 
performance based design is applied. Those have been specified in various standards depending on 
country and legislation. Typically, heavy goods or dangerous goods vehicles are the basis for those 
design fire curves. Passenger vehicles have been studied and specified much less, especially in 
underground facilities where heavy vehicles provide much higher HRR. Facilities that only allow 
passenger vehicles are designed by presprective requirements and therefore the design fire curve has 
not been in the focus.  
 
The main variables of the passenger vehicle design fire curve are the total energy content as well as 
the HRR. These are primarily influenced by the size of vehicle and the total amount of combustible 
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materials. If the vehicle is using an internal combustion engine the material composition is different 
compared to, for example, the fully electric vehicle. Studies have shown that the average weight of 
cars has increased by more than 41 % or 400 kg between 1993 and 2007, see Figure 3. If this 
comparison was drawn with cars from the 80’s the difference would be even higher. This is primarily 
caused by an increased size of the cars, but also a change in technologies. Modern cars often include 
safety systems and technologies that have not excisted 20 to 30 years ago. Also car materials have 
changed significantly in the last decades. Many light weight metallic alloys, composite materials, and 
plastics are used nowadays. Those are widely installed to replace metallic parts. Therefore, the 
passenger cars’ weight should rather have been reduced than increased. However, this is compensated 
by the cars getting bigger in size and using more material overall. Moreover, many materials have 
changed from non-combustible to combustible. 
 

 
 
Figure 3 Development of total mass and mass of combustibles per car in the years 1995 to 2014 

[3, 4] 
 
The changed car design and material composition emphasises the importance of looking only to the 
fire test data of relatively modern vehicles when assessing the design fire curve. The second important 
fator is the car’s drive type. ICEs can have different burning charasteristics than BEVs as Lithium-Ion 
batteries burn differently. However, there are also other parameters like ignition method, location, 
cause of fire (technical/external), opening of windows, battery charge level, fuel tank level, etc. that 
are influencing the fire development. Therefore, it is important to develop a realistic worst-case 
design curve that can be utilised for the performance-based design. A number of different fire test data 
with both ICEs and BEVs was selected as the reference data for the new design fire curve. These are 
shown in Figure 4. The detailed analysis revealed some differences between ICEs and BEVs but it has 
to be remembered that most of the combustible material in vehicles is the same. The analysis also 
included assessing the amount of combustible materials in modern vehicles based on [3] and [4]. 
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Figure 4 Collection of vehicle fire test data (HRR) with different ICE and battery vehicles based 

on literature studies [5, 6, 7, 8, 9, 10, 11] 
 
Based on the fire test data as well as the combustible material analysis, the new design fire curve for 
passenger cars including all types (ICEs and NECs) was derived and is presented in the Figure 5. The 
curve is focusing to both realistic peak HRR value and fire development/duration. The basic 
assumption is that the vehicle should have a total energy content of 10 GJ for the design purposes. 
This is considered being a typical realistic passenger vehicle independent from the manufacturer, 
drive/fuel type or country related size preference. The fire growth rate in the beginning (marked with 
letter A) follows the NFPA and SFPE “fast” curve. The peak value of 7 MW is reached within 
420 seconds. The peak value corresponds to a fully developed fire, lasting for 300 seconds (marked 
with letter B). The declining stage of the fire is a linear function (marked with letter C) and ends at 
1980 seconds. 
 
The equation describing the new design fire curve mathematically is given in Eq. (1). 
 

�̇�𝑄(𝑡𝑡) =

⎩
⎨

⎧          892857,14 MW ∗ � 𝑡𝑡
150 s

�
2

           , for 0 s ≤ 𝑡𝑡 ≤ 420 s
                             7 MW                                 , for 420 s < 𝑡𝑡 ≤ 720 s
−3535,354 MW

s
∗ 𝑡𝑡 + 9545454,55 MW  , for 720 s < 𝑡𝑡 ≤ 2700 s

 (1) 
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Figure 5 Design fire curve for ICE and electric vehicles 
 
Figure 6 is displaying a comparison of the new design fire curve and the HRR data from selected 
reference fire tests. Over 90 % of the experimental data is covered by the new fire curve in terms of 
fire growth rate and maximum value. There are some peaks exceeding the chosen maximum but when 
considering the accuracy of HRR measurements and the duration of the peaks, the new design fire 
curve can be assessed as well conservative. 
 

 
Figure 6 Comparison of new design fire curve and test data from literature 
 
There are only very few references for design fire curves for passenger vehicles published in the 
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literature. The most common one is NFPA502 [12]which only specifies the growth rate and the 
maximum value but neither the declining stage nor the duration of the fire. PIARC specifies two 
different generic curves for small and large vehicle fires [13]. However, these curves are rather new 
and not utilized within the industry as well as the scientific basis is not documented. 
 

 
Figure 7 New design fire curve in comparison to design fires from other standards [12, 13]  
 
 
Fire tests - Background 
One of the major aims of the project SUVEREN were fire tests with NECs in order to gain knowledge 
and experience about their fire safety. Therefore, large-scale fire tests with batteries, gaseous and solid 
design fire loads were conducted in northern Germany between March and June 2019. Additionally, a 
separate fire test series comparing different detection and extinguishing technologies with LIBs was 
realised in December 2019 and January 2020. All fire tests were carried out by IFAB - Institute for 
Applied Fire Research GmbH. 
Preliminary results of the first fire test series have also been published in [14]. 
 
Fire tests - Programs 
 
The fire tests were performed in a test arrangement that was especially built for SUVEREN. The 
arrangement included an oxygen consumption calometry configuration (OCC), but also two other 
independent methods for measuring the HRR. The second one was related to scaling the mass loss of 
material and the third one was based on the energy balance by measuring temperature directly and 
indirectly inside the controlled test volume. In addition, the fire tests were recorded with two optical 
and two infrared cameras. Additionally to O2, CO, CO2 measurements, the FTIR (Fourier-transformed 
Infrared Spectroskopy) was applied to detect the different combustion products.  
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a) b) 

Figure 8 Pictures a) and b) are showing impressions of measurement systems applied in the fire 
tests 

 
In order to find efficient ways of fighting fires with NECs, e.g. retarding the thermal runaway within a 
battery, the calorimeter was equipped with a firefighting system (FFS). As fire tests in the past have 
shown that water mist was very efficient in cooling and reducing heat radiation in many cases, a high-
pressure water mist system was used in the calorimeter during the first fire test series (later other 
technologies were assessed). Dependent on the test scenario, four or five single nozzles have been 
activated with an overall discharge rate between 40 and 80 l/min. Parts of the discharged water were 
collected and has been analysed chemically for dissolved elements. Moreover, linear and point-type 
smoke detectors as well as a smoke aspiration system were tested. 
 
A German battery manufacturer provided two different types of LIBs for the fire tests: 30 kWh with 
prismatic cells and 40 kWh with cylindrical cells. Several methods of igniting the batteries were pre-
tested in order to find a consistent way to get the thermal runway working. Overcharging and selective 
flame treatment did not ignite the battery or were not repeatable enough. The most convenient method 
of ignition was the mechanical penetration by a drilling machine that was used throughout the first 
series of fire tests.  
 
In addition to the battery fire tests, other fire tests with a design fire load consisting of a mock-up 
loaded with 24 wooden pallets were conducted in order to gain reference data for the evaluation of 
numerical models developed within the project. The mock-up replicated a passenger car including 
roof and front lid with sheets of steel. The corresponding test stand (with two walls open) with the 
design fire load is shown in Figure 9. When examining these tests, the time of activation of the FFS 
was altered and the effect on the fire development was documented. 
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Figure 9 Calorimeter with vehicle mock-up and wooden design fire load 
 
In gaseous-fuelled cars, the pressure vessels are equipped with pressure valves releasing overpressure 
to prevent the vessel from bursting. In combination with a fire, the gas emitted by the pressure valve 
is ignited and forms a jet flame. In order to simulate this case of fire event and to measure the effect of 
the FFS on the temperature distribution in the room, fire tests with a methane jet flame were 
conducted. 
 
Moreover, during December 2019 and January 2020, additional fire tests with batteries have been 
examined. This time, various firefighting agents were tested in order to determine their performance 
in a battery fire. Therefore, the fire load was the same in all the tests. The agents tested include a 
sprinkler system, water mist (high- and low-pressure), F-500, foam, inert gases (CO2 and N2), 
NOVEC, and aerosol. 
 
The test stand and the used measurement systems were similar to those used in the 1st test series in 
spring 2019. Nevertheless, there have been some modifications listed below. 

1. The roof was built in a flat way in order to provide a more realistic scenario for the detection 
systems. 

2. There was no artificial ventilation; therefore, the HRR can only be determined by mass loss 
rate/ energy balance 

3. The walls of the calorimeter were equipped with reversible openings. In that way, the test 
stand could be used as a tight room as needed for gaseous firefighting agents or in an open 
way allowing passive ventilation. 

4. Ignition was performed by overcharging. This time, the process could be optimised involving 
in repeatable results. 

 
Fire tests – Preliminary results (24 kWh prismatic cells) 
The results presented in the following are focussing on the battery fire tests conducted in spring 2019. 
Due to the tight time schedule, it was not possible to evaluate all the data from the fire tests but only 
give some examples. This applies also to the fire tests with different fire fighting systems in winter 
2019/2020. 
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During the free-burn tests, the different battery cell types already showed a very different behaviour. 
When these different battery types were tested with FFS, the activation time was differing. In case of 
the cylindrical cells, the FFS was activated appx. 20 seconds after ignition. However, in the case of 
the prismatic cells the FFS was activated as soon as the thermal runaway was clearly propagating 
meaning the bursting of a second, third and fourth cell and the ignition of the emitted gases. Within 
this test, it was observed that the FFS extinguished the flames and interrupted the cells’ reactions. A 
more detailed analysis of the tests including the activation of the FFS is still ongoing, but it is sure 
that it is not only the cell type but also the battery design and ignition location which is affecting the 
burning charasteristics. 
 
The following figures show the results from one of the fire tests with the prismatic cells but without 
activating the FFS. The tested battery was reduced by two of the usually eight modules so that its 
energy content was 24 kWh with a state of charge (SOC) of 100 %. In this case, the battery was tested 
also with its plastic housing. Ignition was forced by mechanical penetration. 
 

 
Figure 10 Heat Release Rate of 24 kWh battery pack determined by OCC 
 
Figure 10 is showing the HRR determined by OCC after correcting it from temperature-dependent 
disturbance and differences in sensor latencies. Visual observations prove that the peaks in the HRR 
are caused by the cells bursting and releasing their gas. This gas release was seen as jet flames lasting 
for numerous seconds and being of appx. 30 cm in length. The duration of the whole reaction of the 
tested battery unit, meaning that the thermal runaway propagated to every single cell, was about 
80 minutes in total. This highlights that fires with LIBs can take very long. Re-igntion was not 
analysed as the battery burned out completely. 
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Figure 11 Gas concentrations of HCN, HF, and HCl measured during the 24 kWh battery fire test 

including error indicators. 
 
Figure 11 is showing selected toxic gas concentratins (hydrogen cyanid, HCN, hydrogen fluoride, HF, 
and hydrogen chloride, HCl) measured with FTIR in the smoke exhaust. When evaluating the 
concentrations measured, it has to be considered that the calorimeter was heavily ventilated as HRR 
was measured. During this fire test, overall 8,325 m³ of air have passed the calorimeter. In that way, 
the gas concentrations were diluted. Due to this, the concentrations measured can be considered as 
even more critical when comparing, for example, the HF concentration measured to a threshold value 
of 500 ppm as given in [15]. Also for HCN and HCl, the concentrations need to be classified as 
critical for life safety. 
 
Fire tests – Preliminary results (24 kWh prismatic cells with FFS) 
 
In another fire test, the same battery set-up was tested with activated water mist. The water discharged 
was collected at three different places (on the scale next to battery, on the floor sidewards the battery 
and directly below the battery) and was analysed conforming to standards regarding dissolved 
substances. Table 1 gives the measured values respectively in brackets the factor with which the 
samples’ values are deviating from the control sample. Especially for fluoride, cobalt, and manganese 
the values measured are heavily deviating from the control sample. 
 
Table 1 Quantity of substances measured in the extinguishing water, in brackets factor compared 

to control sample meaning how many times higher it was compared to clean sample 
Substance Scale next to battery Floor Below battery 
Fluoride mg/l (-) 20.1 (104) 18.0 (89) 35.0 (174) 
Cobalt mg/l (-) 48.0 (639) 22.1 (294) 20.8 (276) 
Nickel mg/l (-) 47.9 (162) 26.9 (90) 24.6 (82) 
Manganese mg/l (-) 43.0 (433) 22.0 (221) 26.0 (262) 

 
The fire tests showed that the thermal runaway of the batteries with prismatic cells was propagating 
more slowly and regularly than the thermal runaway of the cylindrical batteries. These differences 
caused by differences in the construction of the cells indicates that the passive fire safety of a battery 
has a major impact. 
In all the fire tests involving the activation of the FFS and under the given conditions, the propagation 
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of the thermal runaway to adjacent modules could be interrupted and the surrounding was cooled 
effectively. 
 
Fire tests – Comparison of different firefighting systems 
 
In a second fire test series, different firefighting agents were compared regarding their performance in 
battery fires. This included the following agents: 
 

- High-pressure water mist with different 
droplet sizes 

- Low-pressure water mist 
- Sprinkler 
- F-500 

- Foam 
- N2 
- CO2 
- NOVEC 
- Aerosol 

 
As explained before, the fire load was the same in all the test. This time, two modules with cylindrical 
cells were used resulting in an electrical energy content of 5 kWh. First of all, two free-burn tests have 
been conducted. One in the test room being closed, the other one with the test room open. In that way, 
the different agents can be tested under conditions the application requires and their performance can 
be compared to the corresponding free-burn test.  
Unfortunately, the time between this fire test series and the publication of the present paper has been 
too short to analyse the data. Nevertheless, Figure 12 shows pictures of the different firefighting 
systems tested. 
 

  
a) b) 

 

 

c)  
Figure 12 Photos of different parts of the systems used in the second fire test series: a) sprinkler 

head, b) different detection systems installed, c) nozzle for gaseous agents. 
 
CONCLUSIONS AND PRELIMINARY ANALYSIS  
All studies in mobility show that the numbers of NEC vehicles will increase within the next years. 
Currently, the main focus has especially been on vehicles utilizing traction batteries as energy storage 
system – either as primary or secondary energy storage. New vehicle types have given considerations 
on other fields of engineering, and fire engineering is one of those. The German research project 
SUVEREN studies the fire risks of NEC vehicles, particulary in underground facilities. The project’s 
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scope is very wide; its aim is to develop knowledge, tools and guidance for designing underground 
structures. By March 2020, the project is still ongoing, yet a lot of research has already been done. 
This paper shows a newly developed design fire curve for all kinds of passenger cars that designers 
can use in performance-based design. Previously, the vehicles’ size or traction energy type was not 
well assessed with old design curves. Moreover, the present paper describes some example fire tests 
with different batteries. Unfortunately, the results could not be analysed completely, but a final 
assessment and report are to come by the end of 2020. However, the research done so far within the 
project with experimental fire tests has shown the following preliminary findings: 

- The type of cells (prismatic, pouch, or cylindrical) used has a major impact on the burning 
behaviour of the battery.  

- The battery module casing design and construction material can enhance or limit fire 
propagation. 

- Even without ignition of the off-gas, the energy released was high enough to propagate the 
thermal runaway to the whole module. 

- The propagation of the thermal runaway on module level could be interrupted by fire fighting 
agents, e.g. water mist. 

- Conventional detection systems were able to detect the failure of the battery once the first cell 
bursted. 

- The concentrations of toxic and corrosive gases released exceeded common standard 
thresholds. 

- HRR measurement of battery fires is challenging and three different methods were tested 
simultaneously in order to find the most suitable one. 

 
According to the current state of knowledge, the life safety level in modern road tunnels can be 
considered as high enough even for the new risks arised by passenger cars with NECs. The 
transportation of LIBs or several passenger cars on a truck can imply a different scenario though. In 
contrast, for other underground facilities like car parks or bus terminals, the NEC specific risks can 
create risks that did not exist in the same extent with conventional vehicles. This refers to both life 
safety as well as the safety of fire services, who always have major differences when NECs are 
involved. Research has shown that LIBs can produce very aggressive gases in higher concentrations 
that may endanger the safety of fire services. The preliminary fire test results could not confirm that, 
nonetheless a release of corrosive gases was recorded. However, the results were not as significant as 
in some other previous research. The preliminary analysis of the results has confirmed that NEC 
vehilces, also LIB driven ones, create new risks that need to be assessed in any case.  
One approach to overcome these increased risks is the application of performace-based design. 
 
Further analysis and the final results will be published on www.suveren-nec.info. 
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ABSTRACT 
 
Firefighters lifts are lifts that can be used safely by emergency services for rescue or firefighting. 
Those lifts are primarily installed in high-rise buildings but may also be necessary for rescue 
operations and firefighting in deep underground stations. A working group with diffenrent 
stakeholders and authorities worked out recommendations on firefighters lifts in new underground 
stations. 
 
In 2016 the Munich fire brigade carried out a series of tests to better understand the rescue of 
passengers with reduced mobility with regard to the design of new stations. The test series comprised 
10 test arrangements with wheelchair users and one test arrangement with a hearing and visually 
impaired person. From three stations of different depths, an intervention team of the Munich fire 
brigade had to rescue one person. The results showed that the ascending rescue is challenging, 
especially at deeper stations. In stations with complex concourse levels the rescue time after the 
operational order exceeds 10 Minutes. All data and observations were evaluated by the working group 
and considered in the expert judgement for the recommendations. 
 
Acccording to the recommendations, a firefighters lift is necessary if the platform is more than 22 m 
below ground level due to the high physical exertion at deep stations that has become apparent in the 
rescue tests. In stations with a depth of less than 17 m, no firefighters lift is considered necessary as 
emergency services should be able to rescue a person via the stairs or escalators. At depths between 
17 m and 22 m, a formula has been developed to determinate the necessity of a firefighters lift in a 
particular station. In that formula, the parameters of the stairs, the concourse level and the stair 
housing play a role. 
 
The standard for firefighters lifts (EN 81-72 [2]) does not conclusively regulate all structural and plant 
components, which are necessary for the firefighters lift. The standard assumes that national building 
law is to be considered and that discusions have taken place with the fire safety office. Building 
regulations are not fully suitable as the scope of these building regulations are high-rise buildings and 
not underground stations. So the recommendations also include design specifications of firefighters 
lifts that are different from high-rise buildings regulations.  
 
The recommendations assume that the rescue of persons with reduced mobility does not only rely on 
the rescue by fire services. 
 
KEYWORD: Firefighters lifts, rescue, firefighting, underground stations 
 
INTRODUCTION 
 
Firefighters lifts are primarily installed in high-rise buildings but may also be necessary for rescue 
operations and firefighting in deep underground stations. The regulations for underground metro and 
railway stations in most countries do not consider or prescribe firefighters lifts.  
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In contrast to buildings, where the transport of emergency crew equipment upstairs is decisive for the 
necessity of firefighters lifts, the design scenario for underground stations is the rescue of persons 
who cannot use stairs. To better understand this issue, a series of experiments on the rescue of persons 
with reduced mobility has been carried out. 
 
Following the experiments, a working group with representatives of STUVA, German Railways, 
Munich Transportation Corporation, City of Munich, Federal Railway Authority, metro authority for 
southern bavaria and Munich fire brigade worked out recommendations on firefighters lifts in new 
underground stations. 
 
FIREFIGHTERS LIFTS 
 
The use of lifts in case of a fire differs according to different countries’ regulations. While in the U.S. 
lifts are common means of egress and firefighters access, in many european countries building design 
considers only stairs for that purpose in most cases. After some fatalities in lifts during building fires 
(including firefighters), german regulations for example did not consider the use of normal lifts in 
case of a fire for decades. There are different types of lifts in case of a fire: 

• Lifts with immediate recall (not to be used in case of a fire) 
• Lifts with operation in case of a fire according to national regulations or specific design, e.g. 

for self- evacuation of persons with reduced mobility 
• Evacuation lifts as defined in CEN/TS 81-76 for use with personnel, e.g. in hospitals 
• Firefighters lifts as defined in EN 81-72. 

 
Firefighters lifts according to EN 81-72 allow a safe access for firefighting and rescue purposes under 
firefighters control, even after fire and smoke spread. Some examples of firefighters lifts’ 
specifications: 

• safe area in front of every landing door 
• safe area is connected to an escape route (stairs) at every floor 
• fire resistant shaft and safe area 
• smoke control, usually by pressurization of shaft or landing area 
• secondary power supply 
• operation for a period equal to that required for the structure 
• protection against water 
• emergency trap door and ladder in the cabin for self rescue from inside the lift 
• heat and smoke sensitive door protection devices deactivated in firefighters mode 
• landing door to every relevant level. 

 
Regarding building structure specifications and necessity of firefighters lift, the EN 81-72 refers to 
national building regulations. As those lifts are primarily planned in high-rise buildings, there are 
numerous regulations specific to this type of building. Regulations of underground metro and railway 
stations prescribe much less on firefighters lifts. French and German regulations for example do not 
specifically consider that topic [3] [4] [5]. Italian regulation considers lifts for rescue and fire service 
intervention at a depth of more than 12 m, but does not refer to EN 81-72 and does not prescribe a 
fully comparable safety level for those lifts [6]. 
 
EXPERIMENTS ON THE RESCUE OF PASSENGERS WITH REDUCED MOBILITY 
 
The Munich fire brigade carried out a series of tests in August 2016 in order to gain a data basis for 
preventative fire safety, which enables a better understanding of external rescue by fire crews. 
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Figure 1 Deployment order Figure 2 Fixing the guide line with knot for 
identification oft the troop 

Test set-up 
 
In order to keep the expense within practical limits, the tests cannot cover all aspects of the subject of 
external rescue. They therefore were restricted to the determination of a few characteristic quantities. 
Since a certain spread was suspected, each test arrangement was carried out twice. The assumptions 
and decisions for the test set-up followed, in line with applicable recommendations a „worst credible“ 
and not a „worst case“ approach. For example, the firefighting access route length was not selected 
as the maximum. 
 
Regarding the stations, the parties involved suspected the depth and the complexity of the distribution 
levels to be the most significant influential factors. Three stations with depths of 11.6 m, 18.1 m and 
24.3 m were selected (average of stations in Munich: 12.4 m). Complex distribution levels make 
orientation for the emergency services considerably more difficult and often cause longer firefighting 
access routes. Therefore stations with simple and with complex distribution levels were selected. The 
interactions between depth and complexity of the distribution level were considered to be slight, so 
that intermediate times from similar test arrangements in different stations could be combined. In the 
18 m deep station, also the use of standig escalators was tested. The tests occurred in the daytime 
during normal operation but outsidethe rush hour. The station was not artificially smoked since this 
was ruled out during continued operation and a similar smoke situation would scarcely have been 
reproducible for all tests. 
 
In the course of the test series, not all possible conceivable scenarios could be simulated. It was 
decided to rescue a wheelchair user, who was about 40 m in front of the stairs, which were to serve as 
firefighting access. This corresponds to about one third of the length of the platforms of Munich 
underground stations. The firefighting access route was prescribed in the deployment order and also 
shown on the fire service plan at stations with complex distribution levels. The walking distances at 
the concourse level were 85 m and 110 m in the complex stations and 17 m in the third station. 
 
Disabled people made themselves available as test subjects on a voluntary basis. They were informed 
about the test procedure and could abort the test at any time if necessary. In all tests, a troop of 5 
firemen with equipment were deployed for rescue according to the usual tactical procedure in 
underground transport facilities. In order to achieve the most realistic possible crew composition and 
to avoid a sequence of familiarisation or tiredness, a new fire engine with crew from a station of the 
fire service was used for each test. In this way, each fireman only took part in a test once. The firemen 
were generally informed at their fire stations that they might have to take part in a test rescue of 
disabled people from underground stations. There was no advance information which station this 
would be or about the precise procedure. Transfer of information after their return to the fire station or 
at a shift change cannot be ruled out. No tests were performed with several people to be rescued at the 
same time.  
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Figure 3 Crossing distribution level Figure 4 Laying the hoses and no longer 
needed equipment on the platform 

Figure 5 Addressing the person to be 
rescued 

Figure 6 Picking up the person and start of 
the return 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
This procedure simulates external rescue in isolation. In a real fire incident at an underground station, 
external rescue would only be part of the deployment procedure: 

• fire detection 
• disposition at control centre 
• travel time 
• investigation / reconnaissance 
• fire extinguishing (depends on situation and tactics) 
• rescue 

 
The following data was recorded: 

• Time / time sections 
• Breathing air consumption at the platform and after the rescue 
• Pulse measurements after the rescue (on a voluntary bassis) 
• Questionnaire (on a voluntary bassis) 
• Observations 

 
Results 
 
The results showed that the ascending rescue is challenging, especially at deeper stations. For the 
physical exertion oft the firefighters, the depth of the station was the decisive factor. The influence of 
the complicated distribution level on this situation was assessed as less significant than the depth. 
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Evaluation of pulse data and questionnaire tends to show the lowest values in the tests at the 11.6 m 
deep station. In combination with the relatively high speed on the stairs, this permits the supposition 
that at this depth, external rescue would still be possible under less favourable conditions than in the 
tests.  
In the tests at the 24.3 m deep station, several firemen came near or reached their maximum pulse 
rates. The answers to the questionnaires indicated a noticeably higher exertion than at the 18 m deep 
station. Three of the ten firemen gave their degree of exertion as 9 on the scale of 1-10. The pulse of 
four firemen was measured at more than 90 % of the maximum pulse. The great majority of the 
firemen did not consider themselves capable of carrying out further activities after the rescue. The 
speed on the stairs also declines further. The overall picture from the data and the assessment of the 
observers also show great physical exertion of the firemen to their personal strain limit. In more 
unfavourable conditions, such as for example unconscious persons, heavy persons, orientation 
difficulties, successful external rescue from this depth would be questionable with the test 
constellation (1 troop, no longer pauses). 
 
Table 1 Vertical stair speeds on the return in m/s at various depths (value of NFPA 130 as 

comparison, but not applicable for external rescue) 

 
 
The total duration of the rescue from deployment order depends on depth, walking distance in the 
concourse level and fixed times. In comparison to self rescue, time sections that are independent of 
the building like deployment order, collecting equipment, attaching the line to secure the retreat or 
picking up the person to be rescued take up a large part of the overall rescue time. The extra time 
taken for crossing complex concourse levels was about 2.5 minutes (outward and return). No 
noticeable delays due to orientation problems occurred in any of the four tests. 
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Table 2 In order to estimate the rescue duration at various depths and distribution levels from 
the figures determined in the tests, average values from comparable test 
arrangements are used for the time sections outward route and picking up the person. 
For the return route, the maximum measured time is taken in each case. There is also 
a combination of intermediate times from simple and complex distribution levels 
(interaction between distribution level and exertion is estimated less than depth).  

 
Time period Simple distribution levels, values in [s] Complex distribution levels, values in [s] 

Depth 
11.5 m 

Depth  
18 m 

Depth 
24.5 m 

Depth 
11.5 m 

Depth  
18 m 

Depth 
24.5 m 

Deployment 
order and 
taking 
equipment 

135 135 135 155 155 155 

Outward 
stairs 

42 52 86 42 52 86 

Outward 
distribution 
level 

53 53 53 124 124 124 

Outward 
platform 

43 43 43 43 43 43 

Picking up 
person 

67 67 67 67 67 67 

Return 
platform 

47 47 47 47 47 47 

Return 
distribution 
level 

13 – 24 13 – 24 13 – 24 44 – 85 44 – 85 44 – 85 

Return 
stairs 

29 – 56 
 

95 – 99 143 – 169 29 – 56 95 – 99 143 – 169 

Sum 7.2 – 7.8 
min 

8.4 – 8.7 
min 

9.8 – 10.4 
min 

9.2 – 10.3 
min 

10.5 – 11.2 
min 

11.8 – 12.9 
min 

Figure for 
design 

7.8 min 8.7 min 10.4 min 10.3 min 11.2 min 12.9 min 

 
Rescue on switched off escalators was possible. The speeds achieved on the escalators were however 
slower than those on fixed stairs and a greater physical exertion hast o be assumed. 
 
Use of the test results for fire safety design 
 
When using these results, the following points should be noted: 

• The tests only represent a part of a deployment situation, for example exploration times and 
the care for the injured persons on the surface after their rescue are not included. 

• The use of average times may not be sensible for design purposes, in particular with small 
spot check samples. Exceptions can be made for the outward route and picking up of persons 
to be rescued. 

• The test results on fixed stairs cannot be transferred without further thought to stair shafts or 
stairs with constant changes of direction between the flights. In the tests, stairs were used 
which are usual for the public areas of underground stations. 

• Many parameters from the tests are subject to uncertainty, e. g. body weight, visibility, 
possible collaboration by the person to be rescued, performance capability of the firemen, 
hindrance from escaping persons. The individual test runs also show a not inconsiderable 
scatter. Therefore safety factors can be appropriate according to the question. 
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• The test results are only valid for external rescue in good visibility. If there is heavy smoke 
propagation without a sufficient low-smoke layer in the external rescue phase, external rescue 
is considerably more difficult than in the tests. 

• In the application of the data about physical exertion and performance capability (pulse rates 
and questionnaire), it has to be considered that the „weakest“ fireman determines the 
performance of the entire troop. This applies in particular when 4 or 5 firemen are involved in 
carrying and thus there are few possibilities for the relief of individual firemen. 

• It cannot be assumed for every conceivable fire incident that an external rescue is completed 
in the determined times since many factors have an influence on the fire service deployment 
in complex infrastructure. These factors are not completely quantifiable. 

• No requirements for the fire service demand planning or for the provision of particular 
deployment concepts can be made on the basis of these test results. The requirements for 
these aspects of deployment preparation are the result of the applicable legal basis, like the 
fire service laws. The safe operation of individual facilities is the responsibility of the 
owner/operator. 

 
RECOMMENDATIONS 
 
Data and observations of the experiments were evaluated by the working group and considered in the 
expert judgement for recommendations on firefighters lifts in underground stations. These 
recommendations are summarized in this chapter. 
 
The recommendations are intended to serve as a guideline for the design of new underground public 
transport facilities. They apply solely to infrastructure projects, which have not yet been issued a first 
planning approval and do not claim to change or supplement the existing requirements for projects 
that are currently under construction. The protection aims „external rescue“ and „effective 
firefighting“ also have to be considered in fire safety plans for existing facilities. In existing stations, 
the later addition of firefighting lifts is not always possible or may be associated with considerable 
cost. 
 
Preconditions for the application 
 
These regulations are based on the following assumptions, which are to be complied with in the 
design: 

• A holistic fire safety concept is produced, in which the protection aims of escape, external 
rescue and effective firefighting are considered for the specific facility. 

• Self rescue is verified according to the applicable technical rules. 
• The rescue of special groups of people (e.g. people with sensory, orientation or mobility 

restrictions) is considered in the fire safety plan with appropriate measures, which enable 
these groups of people to escape and/or favour them being carried by other passengers or 
operational personnel. 
Examples:  
- Lifts with extended operation time in case of fire according to VDI 6017 [7], 
- Continued operation of escalators leading away from the fire,  
- Request for assistance in alarm announcements, 
- Creation of temporarily safe areas at platform level. 

• Verification of a low-smoke layer during the external rescue phase, which enables the rapid 
finding of people and does not significantly limit the speed and scope of action of the 
emergency services when they enter the station. In the low-smoke layer, no noteworthy 
impairment of the health of the people to be rescued may be expected during the planned 
external rescue phase. These requirements do not apply for the area in the immediate vicinity 
of the source of the fire. The constraints and the thresholds of the low-smoke layer are not 
part of these recommendations. 
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In the technical regulations for rail and metro facilities, external rescue is stated as a protection aim. 
External rescue in practice can cover a very wide spectrum with very different capacities, e.g.: 

• Request passengers to leave the station and indicate escape routes, 
• Lead people with sensory restrictions into the open air, 
• Support the escape of persons with reduced mobility, 
• Rescue wheelchair users, 
• Rescue unconscious people. 

The effort and duration of the external rescue of people who are not capable of walking are 
multiplied, so the simple verification of the external rescue of people with restricted mobility in a 
concept is not adequate, even with firefighting lifts (see above). These recommendations are based on 
the assumption that the rescue of a person not capable of walking at platform level by the emergency 
services should be possible within the planned external rescue phase (design scenario). 
 
Necessity of firefighters lifts in underground stations 
 
Acccording to the recommendations, a firefighters lift is necessary if the platform is more than 22 m 
below ground level due to the high physical exertion at deep stations that has become apparent in the 
rescue tests. In stations with a depth of less than 17 m, no firefighters lift is considered necessary as 
emergency services should be able to rescue a person via the stairs or escalators. At depths between 
17 m and 22 m, a formula has been developed to determinate the necessity of a firefighters lift in a 
particular station: 
 

Δhfirefighting lift  = 22 m – cstairs – cdistribution level – cstair housing 
 
with 
 
Δhfirefighting lift   Depth, from which a firefighting lift is necessary. This is measured as the vertical 

difference between ground level and the platform level. 
 
cstairs Correction value for stairs 

cstairs = 0 m if at least 2 independent escape routes from platform level lead up 
publicly accessible stairs, including the primary access route for the fire brigade 
(Figure 7). This also applies when escalators are provided together with the stairs 
(Figure 8). 
cstairs = 1 m if escape routes lead up stairs with frequent changes of direction (Figure 
9) or up separate escalators and stairs (Figure 10). 

 
cdistribution level Correction value for stair housings at platform level 

cdistribution level = 0 m if the walking route from the stairs to platform level to the stairs to 
the surface is less than 50 m long within distribution levels. This condition must be 
maintained for at least 2 independent escape routes including the primary access route 
for firefighting. If several distribution levels have to be passed through in the course 
of one escape route, the walking distances are to be added. 
cdistribution level = 1 m if the walking distance in distribution levels is more than 50 m, but 
less than 100 m long. 
cdistribution level = 2 m for walking distances of more than 100 m (to be avoided if 
possible) 

 
cstair housing Correction value for stair housings at platform level 

cstair housing = 0 m if at least 2 independent escape routes including the primary access 
route for firefighting are completely built in with housings as temporarily safe areas. 
Within the housings, areas are to be provided in front of the stairs, on which people 
can wait without hindering the closing of the doors. The housings must be built at 
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Figure 9 Two independent rescue routes 
lead up one publicly accessible 
fixed stairs and a stair shaft with 
frequent changes of direction: 
cstairs = 1 m (plan, principle) 

Figure 10 Two independent rescue routes 
lead up one publicly accessible 
fired stairs and a separate 
escalator:  
cstairs = 1 m (plan, principle) 

 

Figure 7 Two independent rescue routes 
lead up two publicly accessible 
fixed stairs: 
cstairs = 0 m (plan, principle) 

 

Figure 8 Two independent rescue routes 
lead up two publicly accessible 
fixed stairs and the associated 
escalators: 
cstairs = 0 m (plan, principle) 

 

least fire-resistant and non-inflammable materials and provided with fire-retarding, 
smoke-tight and self-closing closures. 
cstair housing = 1 m if smoke curtains are provided at the location of the built housings, 
for which it can be verified that smoke does not pass under until 30 minutes after 
beginning of fire. 
cstair housing = 2 m if no stair housings meeting the above requirements are present. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The maximum depth, from which a firefighting lift is necessary, is the result of the maximum physical 
exertion for the emergency services personnel determined in tests. With a depth of about 20 m and 
rescue up fixed stairs, it is assumed that a person of average weight can be rescued in an acceptable 
time without relief of the emergency services.  
With escalators, test results show a tendency to higher exertion. This results in the correction factor of 
1 m. 
With frequent changes of direction at landings in stair shafts, difficulties are assumed in comparison 
to the usual stairs at underground stations. Therefore stair shafts are dealt with like escalators. 
When the rescue and firefighting access route with stair housings can be kept largely smoke-free for a 
longer period of time, the deployment conditions are better and the timeframe for external rescue is 
longer. Otherwise the depth must be reduced by up to 2 m. 
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In case keeping of stairs free of smoke with smoke curtains (if appropriate with closed stair sides) can 
be verified until end of external rescue phase 30 minutes after beginning of fire (for which mechanical 
smoke extraction plant will normally be necessary), then this can be taken as favourable. Due to the 
worse safety against failure compared to complete constructional separation, a correction factor of 1 
m has been decided for this variant. 
The illustrations show example situations with a central platform. The procedure also applies for 
stations with outer platforms. 
 
Constructional and plant requirements 
 
The standard EN 81-72 regulates firefighting lifts, particularly regarding the lift technology and the 
requirements for safe operation. EN 81-72 does not conclusively regulate all building and plant 
components, which are necessary for the firefighting lift. The standard assumes that discussions have 
taken place with the fire safety office and national building law is to be considered in excess of the 
standard. 
 
As high-rise building regulations are not always fully suitable to underground stations, some railway-
specific deviations are possible if an acceptable level of safety is maintained.  
Example: german high-rise building guideline requires that every location on a floor must be 
accessible within 50 m from the firefighting lift. For underground stations, the working group came to 
the conclusion that on platforms, walking distances of up to 200 m are still acceptable due to a simpler 
layout than usual apartments. In addition, a low-smoke layer for the external rescue phase is to be 
verified for underground stations. 
 
Possible simplifications for stations with depth < 25 m 
 
For stations with a depth of not more than 25 m, for which firefighting lifts are required, the following 
simplifications are possible: 
 

(1) The firefighting lift is situated without its own lift shaft in a stairshaft without pressurization. 
In this case the following constraints are to be complied with: 
- All accessed levels (including the entrance level) are in the same stair shaft. 
- Significant smoke inside the stair shaft ist visible from the access level in the stair well. 
- Openings in the stair shaft walls are kept to the absolutely necessary degree, e.g. only in 
connection with to a concourse or platform level. 
- At the openings to the stair shaft, there are access locks with a smoke-tight and self-closing 
door on the side of the stair shaft and a door that is at least fire-resistant (EI 30), smoke-tight 
and self-closing to the accessed floor. This does not apply to openings in the open air. 
- It is to be discussed and agreed with the responsible fire safety office whether this lift should 
be described and labelled as a firefighting lift (due to considerable deviations from usual 
firefighting lifts). 
 

(2) In the course of the routes between the entrance at ground level and the access to the 
firefighting lift, a height difference of up to about 6 m may be down fixed steps in the 
immediately placed stair shaft. Alternatively, it is permissible to end the firefighting lift from 
ground level up to about 6 m above platform level. This height difference must lead down 
fixed stairs, which may be publicly accessible. 

 
A combination of (1) and (2) is possible. 
 
The simplifications should enable the omission of separate lift shafts and pressure ventilation plant for 
stations at shallow depths. Lifts should also be implemented with less impact on the layout of open 
areas. 
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Figure 11 firefighters lift inside staircase 
with doors to every floor 

At a depth of up to 25 m, the walking time on stairs to be expected according to tests exceeds the 
maximum travel time according to DIN EN 81-72 of 60 s by not more than 50 %, so that there is no 
significant time loss when the the access route for the first emergency services is down stairs for 
safety reasons. 
 
Example of a firefighters lift in a planned metro station in Munich 
 
For the design of a planned metro station the recommendations have been applied. The metro station 
Pasing will be situated underneath an existing railway station at a depth of approximately 22 m. The 
escape routes are planned independently from the railway station via fire-resistant staircases without 
access to concourse levels. Using the above descibed formula, a firefighters lift ist necessary 
(Δhfirefighting lift = 21 m). As the station is less than 25 m deep and simplifications can be used, the 
access to the firefighters lift was located below ground level due to limited space (Figure 11). The 
design at platform level is shown in Figure 12. 
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Figure 12 firefighters lift in floor plan of platform level 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
CONCLUSION 
 
Based on rescue experiments, the recommendations allow engineers and other stakeholders to 
determine the necessity of firefighters lifts in new underground stations. As building regulations are 
not fully suitable to underground stations, the recommendations also include design specifications of 
firefighters lifts that are different from high-rise buildings regulations. In stations with a depth of not 
more than 25 m, some simplifications have been developed to allow a more economical station 
design. 
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ABSTRACT 

The paper analyses the breathing air consumption among participating firefighters in the full-scale test 

in the Tistbrottet mine in Sweden 2013. The availability of breathing air during firefighting has in 

earlier work been identified as a critical tactical factor in underground firefighting. Results from the 

tests show that there are differences in the breathing air consumption and that this depends on 

physical requisites and the workload. The use of BA-teams, i.e. firefighters equipped with breathing 

apparatuses, is a complex group activity where the largest breathing air consumer will set the limits 

for the whole team. Light equipment and a structured command and control during the activities will 

enhance the endurance and the firefighting performance. The aid of additional air supply and the use 

of trolleys will support the activities but is dependent on a large degree of preparation and training to 

function properly. Based on the tests, it is concluded that the larger model of air bottles should be 

considered for distances longer than 75 m. In all tests, a certain number of unexpected difficulties 

occurred, which is well consistent with real-life firefighting. Both during test and real-life fire and 

rescue scenarios, such events need to be accounted for. 

KEYWORDS: breathing air consumption, BA-operation, underground firefighting, fire in tunnels, 

fire and rescue operation. 

INTRODUCTION 

The use of and access to breathing air during firefighting operations is crucial in order to advance in 

smoke-filled environment. For the individual firefighter, the function and durability of the BA-system 

is not only a condition for achieving the aimed objectives during rescue operations, but a prerequisite 

for a good working environment and personal safety. The aim of the paper is to analyse the breathing 

air consumption and to put the topic into a tactical tunnel firefighting perspective. The analysis 

regarding air consumption in this paper are based on the findings described in the technical report 

from the full-scale tests [1] and the analyses of the BA-rescue movements presented in the paper Full 

Scale firefighting Tests in the Tistbrottet Mine [2]. This paper contains a deeper analysis of the BA-

operation air consumption and discussions on the influence of air consumption on the safety and 

efficiency of underground fire and rescue operations. The basic conditions regarding the test set-up 

and methods during the Tistbrottet tests are also summarised in order to make connections between air 

consumption and specific actions during the tests possible. 

In literature, several publications can be found regarding oxygen consumption (VO2) in the meaning 

of oxygen uptake [3, 4]. Oxygen uptake is a standard value used for measurement of aerobic capacity, 

commonly used in sports or physiological sciences. Publications can also be found connected to the 

fire and rescue personnel’s physical capacity, which is used prior to employment or as part of 

evaluation of fulfilment of requirements for BA-operations [5, 6].  

A smaller number of publications can be found, where a firefighter’s physical capacity and oxygen 

consumption has been studied during movement and real firefighting conditions, for example 

movement with full BA-equipment in a rock tunnel with focus on total possible duration of the BA-

operation, comparison between compressed air and oxygen or the effect of different protective gear on 
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body heat accumulation [7]. Studies involving oxygen measurements also show the difference in 

physical strain and further oxygen consumption between normal movement and firefighting tasks in 

full protective gear [8, 9].  

 

In order to be useful for planning or surveilling a BA rescue operation, knowledge about collective air 

consumption, as well as individual air consumption is needed. The actual studies from Tistbrottet, is a 

first approach to gather data that takes collective air consumption into account, in order to facilitate 

optimisation of the whole fire and rescue operation. 

 

METHODOLOGY 

 

Input data to the analysis in this paper comes from five of the six full-scale tests that were performed 

in the Tistbrottet mine in Sweden in 2013 [1, 2]. During the tests, the temperatures close to the scene 

of the fire were measured in order to secure firefighters’ working environment. The first of the six 

tests has been excluded from the comparison, as it had to be halted for safety reasons and therefore 

did not fully represent the test set-up conditions. The tests were aimed at observing and monitoring 

the firefighting performance with the use of different types of equipment and methods against a fire 

with equal fire load.  

 

One of the observed variables was the breathing air consumption for each individual and test. The 

breathing air consumption was measured with an individual logger on each firefighter as well as by 

manual reporting of the observed pressure on the digital manometers. Due to technical reasons, some 

of the logger measurements could not be used and the comparisons in this paper are therefore made 

with use of the reported values. The individual logger values have though been used to verify reported 

values in cases where the observer protocols showed non-consistent values and could not be 

distinguished from the recorded radio communication. 

 

Set-up and execution of the tests 

 

A complete description of the full-scale tests in the Tistbrottet mine is presented in the report by 

Ingason et al. [1]. The fire tests were conducted in a non-active part in the Tistbrottet mine in Sweden 

in 2013. The scene of the fire was located in the middle of a relatively straight section of the tunnel 

system, approximately 100 m long. The average width was 8 m and the average height was 6 m. The 

test site is shown in Figure 1. The total length of the attack route (dotted line) was approximately 180 

m. The ground consisted of hard packed gravel. The full length of the test site was without inclination. 

 

Figure 1 Floor view of the test site in a non-active section of the dolomite mine in Sala, Sweden. 

 

The fire source was wooden pallets placed in two 20 ft containers that were welded together. The total 

external length of the containers was 12.2 m. On each long-side of the fire object, six openings with 

the width of 1 m and height of 0.84 m, were made in order to imitate windows in the X1-train used in 

the METRO fire tests [10]. The rear end of the fire object had an opening with the width of 2 m and 

the height of 0.84 m placed on the same height from the ground, 1.5 m, as the long-side openings. The 
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wooden pallets were stacked up to the lower edge of the windows, filling the entire width of the 

container. As the firefighters were instructed to pass behind the container for safety reasons, only the 

upstream two thirds of the container length was used for the pallets. The total weight of the wooden 

pallets was 2000 kg. Pre-calculations estimated the maximum HRR to be 18 MW, with the 

assumption that the only access of air was through the windows of the container. 

 

During the test series, six fire extinguishing tests were performed. The methods and outcome 

regarding movement speed and extinguishment have earlier been described in [2]. The tests were 

designed in order to compare how methods using different equipment influenced the time to reach the 

fire and thereafter extinguish it. The tests were enclosed by strict safety regulations and performed in 

a controlled environment. The roof of the hard rock tunnel had been secured by net hold into place by 

rock bolts to prevent the fire fighters to get harmed by falling stone elements. The ceiling temperature 

were continuously monitored so the tests could be halted if the ceiling temperature raised above the 

set limits. The fires were designed so that the calculated maximum steady-state HRR 18 MW should 

be reached after approximately 15 minutes which was the estimated lowest time to reach the scene of 

the fire during the given conditions. 

 

The environment upstream the fire was smoke-filled by industrial smoke generators and the Red team 

BA-firefighters were not exposed to heat from the fire or the back-layering until they reached the 

measurement container. The visibility in the smoke upstream the fire was below 1 m, when using the 

flashlights. All tests were filmed by BA-equipped firefighters that followed each team, using thermal 

cameras in order to make the evaluation of the tests possible. All communication between the BA-

firefighters, the BA-firefighters and the BA-coordination officer, as well as the radio traffic to and 

from the command-and-control centre where the Incident Commander (IC) was located, were 

recorded for the same reason. All radio traffic was also overheard by two, for some tests three, 

observers located in the command vehicle outside the tunnel entrance. A crew of technicians 

monitored the temperature, the air velocity and the HRR inside the tunnel from a safe location outside 

the tunnel. The firefighters were filmed with IR-cameras by BA-equipped personnel that followed two 

of the three BA-pairs inside the smoke-filled tunnel. A number of still images from the video films are 

shown in Figure 2. Each BA-firefighter was individually monitored regarding physical strain with 

pulse measuring wrist watches connected with chest bands. 

 

 
 

Figure 2 Examples of the IR-camera documentation during the tests. 
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The tests performed were: 

 

1) Conventional hose lay-out using hose baskets 

2) Conventional hose lay-out using JT-Pac carrier 

3) Conventional hose lay-out using hose baskets, with delayed filling of water 

4) CAFS (Compressed air foam system) with rigid 38 mm hose 

5) Cobra cutting extinguisher 

6) Conventional hose lay-out using hose baskets, but using trolley and complementary 

compressed air. 

 

The BA-firefighters used during each test consisted of three BA-teams, and each team consisted of 

two firefighters. The tests 1-5 were performed with the same modus operandi in general, and only 

smaller modifications were done depending on the test set-up and the equipment used. The BA-teams 

had the following main tasks: The Red team was the BA-team closest to the scene of the fire with the 

task to extinguish the fire. The second BA-team, the Green team, functioned as a safety team for the 

Red team and was located at Assembly Point 2 (AP2), approximately 130 m from the base point. The 

third BA-team, the Black team, functioned as a safety team for the Green team and was located at 

Assembly Point 1 (AP1), approximately 55 m from the base point. The starting point for the tests was 

located at the base point for the firefighters approximately 5 m from the tunnel opening, see Figure 1. 

 

The BA-coordination officer, together with an extra Safety BA-team, were located just outside the 

tunnel opening. Aside from igniting the wood pallets before each test, the Safety BA-team was not 

part of the tests. The team was however on standby outside the tunnel for safety reasons in case of an 

emergency. The firefighter managing the water pumps was also placed outside the tunnel opening. 

 

For the tests from 1 to 5, the following basic procedures were taken (for location of the assembly 

points, see Figure 1): 

 

a) The wood pallets were ignited by the Safety team and the test started when the Safety team 

was back outside the tunnel opening. 

b) The Green and the Black teams entered the tunnel and advanced together to set up internal 

Assembly Points AP1 and AP2. 

c) After AP2 was set up the Black team returned to AP1 and its function as safety team for the 

Green team. 

d) The Green team stayed at AP2, ready to function as safety team to the Red team. 

e) The Red team started their movement to the scene of the fire as soon as both the Green and 

the Black teams were ready at their assembly points. 

f) When the Red team reached AP2, they connected the hoses (test 1-3) or passed AP2 with 

their brought equipment (test 4 and 5). They advanced from AP2 to the scene of the fire. 

g) The fire was extinguished. 

 

Test 6 was conducted somewhat differently as the test focused on the joint transportation of 

equipment. The equipment was arranged on a trolley and all three teams moved together to AP2, 

whereafter the Red team continued to the scene of the fire and the Black team returned to their 

position as safety team at AP1. In this test, an extra cylinder pack was used during transportation. The 

cylinder pack was placed on the trolley and was shared between the firefighters in each pair. In total, 

three cylinder packs were used, one for each pair. In all tests, the firefighter Red 1 was in charge to 

extinguish the fire with support of Red 2. 

 

The following equipment was used to build up the hose line, including the hoses used by the safety 

teams at AP1 and AP2; 2 supply lines of 63 mm (25 m) hoses → manifold 1 (at AP1) → 3 supply 

lines of 63 mm (25 m) hoses → manifold 2 (at AP2) → 3 attack lines of 42 mm (25 m) hoses. The 

total length of the hose system from the base point to the front of the built-up system, was 200 meters 

into the tunnel. The hose system was connected to the fire truck with a supply line of 63 mm (25 m), 

to which the water flow measuring equipment was attached. The total distance from the base point to 
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the front of the test container was 180 meters. At tests 4 and 5, when the CAFS and the cutting 

extinguisher were used, the built-up system only functioned as supply for the safety functions. 

 

Breathing air calculations 

 

The breathing apparatuses that were used in the tests were of the brand Interspiro. The double full 

composite cylinders are manufactured in two sizes, 2×3.4 litres and 2×6.7 litres. The small cylinders 

were used in test 1 and for transportation air in test 6. The large cylinders were used in tests 2-6, se 

Figures 3 and 4. 

 

  
Figure 3 The Interspiro 2×3.4 L 

double cylinder. 

Figure 4 The Interspiro 2×6.7 L 

double cylinder. 

 

The theoretical amount of compressed air in the cylinders is calculated by using Boyle's law, PV = k, 

where P is pressure, V is volume and k a constant. The individual breathing air consumption (IBAC) 

during each test, 𝑉(𝐼𝐵𝐴𝐶), is calculated by Eq. 1, where 𝑃(𝑠𝑡𝑎𝑟𝑡) is the pressure of the cylinder at the 

start of each test, 𝑃(𝑒𝑛𝑑) is the pressure at the end of each test, 𝑉(𝑚𝑎𝑥) is the cylinder volume and 

𝑃(𝑎𝑡𝑚) is the atmospheric pressure. 

 

𝑉(𝐼𝐵𝐴𝐶) = 2 ×
(𝑃(𝑠𝑡𝑎𝑟𝑡)− 𝑃(𝑒𝑛𝑑))×𝑉(𝑚𝑎𝑥)

𝑃(𝑎𝑡𝑚)
 (𝑚³) Eq. 1 

 

RESULTS AND DISCUSSION 

 

In this section, the results of the on-site measurements and calculations according to above section are 

presented. 

 

Test 1 

 

During Test 1 the front doors of the container were unintentionally left slightly opened and during the 

early part of the fire development the nearby pallets fell towards the doors and pushed them open. 

This caused a rapid fire development and higher HRR than calculated, which created high ceiling 

temperatures upstream the fire. For safety reasons, the test was halted until the temperatures lowered 

below the safety limit. The halt led to high total air consumption and some of the BA-firefighters 

needed to change their BA-cylinders, which resulted in unsecure and for some cases non-comparable 

air consumption values. For this reason, the air consumptions from Test 1 have been excluded from 

this paper. 
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In Test 1, the smaller BA-cylinder packs were used, and even if the air consumption during the 

waiting time is excluded, the results clearly showed that the smaller cylinders do not have sufficient 

capacity for BA-operations inside tunnels where the distance to the scene of the fire exceeds 75-100 

m. One of the initial intentions with Test 1 and Test 2 was to evaluate the effect of using JT-Pac 

against the use of conventional hose baskets. All other test parameters were the same between Test 1 

and Test 2. The use of JT-Pac for carrying empty hoses has an advantage against conventional hose 

baskets, mainly from an ergonomic perspective [11]. With regard to the build-up of the hose system 

itself and the movement to the scene of the fire, the differences are however only marginal. Test 2 was 

therefore used for comparison with Test 3, where the same set-up as in Test 1 was used, but with 

delayed filling of the hoses. 

 

Tests 2-6 

 

In Figure 5, the individual breathing air consumption (IBAC) and the total collective breathing air 

consumption (TBAC) are shown for tests 2-6. The breathing air consumptions are divided into three 

main sections; from start of each pair and until the fire extinguishing criteria was met with the used 

method (except for test 5, where the fire could not be extinguished with the initial method, and 

conventional extinguishing was instead used), the post-extinguishing and the retreat to the base point. 

The air depot designates the extra cylinder pack that was placed on the trolley and used by each BA-

pair in Test 6 and should be seen as a part of the air from start and until the fire extinguishing criteria 

was met. 

 

 
 

Figure 5 The individual (IBAC) and total collective (TBAC) breathing air consumption during the 

tests. The air depot designates the extra cylinder pack that was placed on the trolley and 

used by each BA-pair in Test 6. 
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The individual air consumption is dependent not only on each firefighter’s physical capacity, but also 

on the workload during the fire and rescue operation. A BA-fire and rescue operation is a joint 

mission where each BA-pair have designated tasks which are linked together in order to reach the 

objective of the fire and rescue operation. During the test in Tistbrottet, the Red team’s task was to 

extinguish the fire, the Green team functioned as a safety team for the Red team and the Black team 

functioned as a safety team for the Green team. These dependencies mean that if any of the 

firefighters run out of air and must retreat, the whole operation may need to be aborted. In a real fire 

and rescue situation, with longer attack routes to the scene of the fire, individual air consumptions 

need to be monitored also from a collective perspective. In the performed tests, larger differences 

between firefighters of the same pair can be seen in Test 2 (Black pair), Test 3 (Red pair), Test 4 (Red 

and Green pairs), Test 5 (Green pair) and Test 6 (Black pair), see Figure 5. To avoid learning effects 

between the different tests, the members of the BA-pairs were rotated and therefore the comparisons 

also included an analysis not only by function but also by person. In general, the female BA-

firefighters had a lower air consumption than the male BA-firefighters within the pair. One way to 

optimise the available air, is to distribute the workload in such a way that the two pair members are as 

equal as possible in air consumption, within the physical capacity limits of the firefighters. The same 

principle should be used to distribute the workload between the pairs, to avoid that lack of air for one 

pair affects the whole fire and rescue operation. 

 

In Figure 5, the total collective air consumption (TBAC) is shown. The TBAC is dependent on the 

workload and the total time spent inside the tunnel. The workload is in turn dependent on the method 

used in each test. The TBAC for the first section, from start of each pair and until the fire 

extinguishing criteria was met, is similar for tests 2, 5 and 6, even if the time to accomplish the task 

differs (Test 2 – 20 min 23 s, Test 5 – 24 min 20 s and Test 6 – 31 min 9 s) [2]. It should however be 

noted that the extinguishing criteria was not reached in Test 5 with the initial method, but with 

conventional extinguishing by the Green pair. Test 3, with delayed filling of water, had both the 

lowest TBAC as well as the shortest time to reach the extinguishing criteria (15 min 25 s) [2]. Test 4 

had similar time to reach the extinguishing criteria as Test 5 and does not differ significantly in time 

from Test 2, but has considerably higher TBAC compared to those tests. One probable explanation to 

the higher air consumption is the fact that the CAFS-system unintentionally was filled before entering 

the tunnel and the CAFS-hose therefore was heavier and had a higher friction to the ground than 

anticipated. Even if a filled CAFS-hose is lighter than a corresponding conventional water-filled hose, 

the CAFS-hose was pulled in one length from the base point and all the way to the scene of the fire 

180 m inside the tunnel. During the test, the CAFS-hose also got caught in the bends to a higher 

extent than the conventional hose layout, where the hoses were rolled out empty and then were filled 

with water. In a straight tunnel, the friction along the hose line can be expected to be considerably 

less. 

 

A comparison between the tests 2 and 3, with similar test set-up but delayed water-filling in Test 3, 

clearly shows that the workload for the hose system build-up is lower with an empty system. The 

front moving speed, i.e. the speed with which the build-up of the system advances towards the scene 

of the fire, is 0.16 m/s in Test 2 and 0.25 m/s in Test 3. This is consistent with other front moving 

speeds that have been observed under similar test conditions in Sweden [11, 12]. The significantly 

lower TBAC in Test 3 is mainly gained during the first section of the fire and rescue operation – from 

start of each pair and until the fire extinguishing criteria was met – which is the phase where the 

empty hose system affects the workload. 

 

The extinguishing criteria, set to when flames no longer could be seen and the fire did not reignite, did 

not in practice mean that the smouldering fire in the fibrous material was completely put out. In all 

tests, before the retreat the fire was therefore post-extinguished. The time to post-extinguish the fire 

was dependent on the method used, but also on when in the fire development the Red team reached 

the scene of the fire. Given the openings in the fire container, the fire was calculated to peak at 18 

MW after approximately 15 minutes, and in the tests where the Red team reached the container after a 

longer time the fire in some cases already had started to decay. In Test 3, where the Red team started 

the post-extinguishment after 15 min 25 s, the collective breathing air consumption was higher than in 
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e.g. tests 5 and 6, where the post-extinguishment started approximately 9 and 16 minutes later. In Test 

5, the post-extinguishment was performed by the Green team, as the Red team did not succeed to 

reach the extinguishing criteria with the used method. The extra workload for the Green team is 

reflected in the larger air consumption compared with the other teams in this test, see Figure 5. 

 

The BA safety limit to start the retreat was set to 100 bar, which is also commonly used in real 

conditions when using the larger cylinder packs. The safety limit was not reached in any of the test 

cases for any of the firefighters. At 50 bar, the BA-firefighter needs to manually switch over to 

reserve air. The reason for the necessary manual action is to make the BA-firefighter aware of the fact 

that only a limited amount of breathing air is remaining. The reserve air should not be calculated to be 

used during the retreat but instead be the safety amount of air to be used during contingencies not 

calculated for. During real fire and rescue conditions the retreat time would be one of the most 

important parameters to consider for the BA-commander. The amount of required air for the retreat 

route depends on some basic parameters. The main parameters are the length and inclination of the 

retreat route and the weight load the fire fighters have to carry including personal protection gear. 

Especially in the case of fire and rescue operations in mines or tunnels under construction, with 

inclined access routes to reach the lower situated scene of the fire, the strain due to the inclined retreat 

route – and the following increased air consumption – need to be taken into consideration. 

 

CONCLUSIONS 

 

The breathing air consumption seems to be dependent on each individual firefighter's physical 

prerequisites such as oxygen uptake, body mass and strength as much as the actual task performed. It 

is reasonable to assume that large and strong individuals will consume more oxygen in order to 

perform the tasks. It is, however, likely that these individuals can do the tasks more quickly and thus 

spend less time on them. From the full-scale tests it was clear that a large workload on a single 

individual results in significantly higher rate of breathing air consumption. Because the Swedish 

working legislation regarding the use of BAs prompts for working in pairs, it will be the peak 

consumer of breathing air that will set the limit for the fire and rescue operation. This points to the 

fact that there is a need to have a safety margin and to level the consumption among the BA-team 

members. 

 

The air consumption is dependent on the workload, but also on the time spent inside the tunnel. A 

method that facilitates faster movement from the tunnel opening to the scene of the fire consequently 

gives a lower breathing air consumptions, but is only beneficial to the fire and rescue objective is the 

chosen method also is effective for extinguishing the fire. 

 

Test 6 showed the importance of training prior to the fire and rescue operation in order to make full 

use of a new method or a new system. The expected benefit of using the trolley was overruled by the 

lack of routines and training, which resulted in long time to reach the fire.  

 

The larger air cylinders (2 × 6.7 L) were needed in order to reach the fire source and have enough air 

to perform the extinguishing task. This indicates that the smaller air cylinders only should be used for 

shorter distances than 75 m or in cases when the workload can be expected to be low. 

 

There is a need to monitor and analyse breathing air consumption under real events in order to 

account for factors like stress and effects of heat. There is also a need of command and control during 

BA-operations under ground in order to allocate the workload between the team-members. This could 

be aided by a function (BA-team or single firefighter) that can observe and control the actions 

between the BA-team members. 
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LIMITATIONS AND FUTURE RESEARCH 

 

The full-scale tests were set up to simulate a realistic fire scenario in the tunnel and to measure effects 

of different extinguishing methods. No external influence such as psychological stress due to 

unknown hazards or other uncertainties affected the firefighters. Such factors are known to increase 

the strain and ultimately the oxygen consumption. The breathing air consumption rate is highly 

dependent on individual factors, why the results in this study should be viewed from a group and 

method perspective.  

 

Future work should focus on individual breathing air consumption rate over a complete test run to 

examine continuous consumption, in relation to individual firefighter’s task during the operation and 

his or her physiological capacity. This would make it possible to further analyse and optimise the 

collective task based on individual capacities. 
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ABSTRACT: Modern railway systems are designed to avoid a train from being stopped in a tunnel 
by an onboard fire. In the unlikely event that firefighting intervention is necessary in a tunnel, 
firefighters can access the tunnel via intervention points, which include stations, intermediate shafts 
and portals. Establishment of the maximum distances between intervention points has a significant 
impact on project feasibility, cost and planning due to the constraints of constructing frequent 
intervention points in a city environment. By mapping out the stakeholders, their actions and 
requirements, an approach to tunnel design has been developed to mitigate impacts of longer 
intervention distances on firefighter safety.   
 
The fire engineering design team engaged with the fire brigade and rail operator in a series of 
interactive workshops. During these workshops it became clear that the physiological impact on 
firefighters during intervention may be a limiting factor in determining the maximum distance 
between intervention points. A literature review was carried out on research relating to the 
physiological impacts on firefighters undertaking strenuous activities in a tunnel environment, 
including consideration of the impact of elevated temperature, gradients, time and distance. This 
research validated that activities undertaken by firefighters in response to a fire incident can put them 
at risk of heat stress and fatigue. 
 
Walking distance, walking speed and time available at the incident for fire and rescue operations have 
been used to assess the impacts of different lengths of tunnels and position of cross-passages, 
allowing the tunnel design to be optimized for firefighting and rescue operations. By optimising the 
location of cross-passages in tunnels, the walking distance for firefighters to reach the incident were 
minimised and the time available for firefighters to carry out firefighting and rescue operations was 
maximised. Through this analysis, the design team demonstrated that optimizing cross passage 
location can mitigate the physiological impact on firefighters of an increased distance between access 
locations.  
 
Extending distances between intervention points (i.e. stations, intermediate shafts and portals) has 
significantly reduced planning, construction and environmental risk as well as the cost, substantially 
contributing to the commercial and planning viability of the overall scheme.  
 
KEYWORDS: Intervention, evacuation, physiological impact, fire brigade engagement, fire 
engineering, tunnel,  
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INTRODUCTION 

Modern railway systems are designed to avoid the scenario of a train being stopped in a tunnel by an 
onboard fire. In the unlikely event that firefighting intervention is necessary in a tunnel, firefighters 
can access the tunnel via intervention points, which include stations, intermediate shafts and portals. 
The construction of intervention points in existing cities presents multiple constraints, due to the 
infrastructure and buildings already present, some of them of significant historical and architectural 
value. Therefore, establishment of maximum distances between intervention points has a significant 
impact on project feasibility, cost and planning. By mapping out the stakeholders, their actions and 
requirements, a new approach to tunnel design has been developed that allows longer intervention 
distances without compromising firefighter safety.  

This paper focuses on fire brigade activities in a tunnel system during operational response to a tunnel 
fire. A number of factors were considered which limit the maximum distance between intervention 
points, including: 

• Fire brigade activities in non-incident bore; and 

• Fire and rescue operations in the incident bore 

In consideration of these factors, firefighting activities were investigated in detail with a view to 
establishing the maximum distance between intervention points. 

 
DISTANCE BETWEEN INTERVENTION POINTS 

Fire brigade access to a fire incident in a tunnel rail tunnel is typically by foot (or by trolleys if 
provided) from designated intervention points along the route which may be stations, intermediate 
shafts or portals. The distance between intervention points has a significant impact on the fire 
brigade’s capacity to intervene to a fire in a tunnel in a safe and efficient way.  

Prior to 2005, the Railway Safety Principles and Guidance (RSPG) provided guidance on the distance 
between intervention points in the UK; RSPG Part 2a, Section 51(a): “Distances between access 
points should be in the order of 1km where there are twin single-bore tunnels with adequate 
intermediate cross-passages”. The application of this guidance has been observed in multiple 
underground rail projects. However, RSPG was withdrawn in 2005 and a replacement design standard 
has not yet been developed.  

The TSI-SRT (Technical specifications for interoperability relating to Safety in Railway Tunnels; 
Commission Regulation (EU) No. 1303/2014) requires that fire-fighting points are provided at 
maximum intervals of 5 km for Category A rolling stock. The TSI-SRT provides minimum 
requirements for interoperability, so this figure is intended to be a maximum, rather than design 
guidance.  

The TSI-SRT also requires cross-passages between twin bored tunnels to be provided at least every 
500 m.  

Based on discussions with the fire brigade, a tunnel with a 1km distance between intervention points 
and 500 m cross passage spacing is still considered a benchmark in the UK; this is referred to as the 
‘RSPG base case’ throughout this paper. 

It is also worth noting that the distance between intervention points within a tunnel section has 
historically been measured from the point of entry to the tunnels. Points of entry to a tunnel section 
include the platform ends in stations, and doors to tunnels at intermediate shafts and portals. The 
walking distances within stations, shafts or portal buildings to access the tunnel entries were generally 
ignored. 
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FIRE STRATEGY  

The primary response in any tunnel fire scenario is for the train to continue to the next station or 
portal. Design of the rolling stock aims reduce the likelihood that a fire in the passenger compartment 
or in the train systems could prevent the train from continuing to the next station. The following 
mitigation measures are common means to prevent a train being stopped in a tunnel with a fire 
onboard: 

• Compartmentation of systems; 

• Compartmentation between the train systems and the passenger carriage (to separate the 
passenger compartment from onboard systems); 

• Redundancy of onboard locomotion and control systems;  

• Construction of materials with favourable fire performance;  

• Onboard automatic fire detection. 

In the unlikely event that a train is stopped within the tunnel with a fire on board and is not able to 
continue, the incident bore upstream of the fire will be kept tenable by the operation of the tunnel 
ventilation system and can therefore be used for evacuation of passengers and staff, and for 
firefighting intervention.  

Firefighters can access the tunnel via intervention points - stations, intermediate shafts and portals. 
They can then access the incident through the non-incident bore and the cross passage upstream of the 
incident to carry out fire and rescue operations, as shown in Figure 1. Note, cross-passages and the 
non-incident bore are accessible to passengers, however passengers would be directed primarily along 
the emergency walkway upstream of the fire by the driver and emergency signage towards station or 
evacuation shaft, whichever is closer. Therefore, it is assumed that passengers will not be present in 
cross-passages or the non-incident bore in large numbers. 

 
Figure 1: Emergency evacuation and fire service intervention 

 

 
USER JOURNEY MAPPING 

The fire engineering design team engaged with the fire brigade and rail operator in a series of 
interactive workshops to map out the fire brigade’s “user journey” for response to a fire incident in a 
tunnel. Each step of the fire response was explored, from communications to system response and 
even how many fire hoses would be required at the incident. A visual artist helped to facilitate the 
workshops and illustrated each step of the anticipated fire response during the workshop, prompting 
the fire brigade, rail operator and design team to debate every detail (see Figure 2 for example).  

 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

443



 
Figure 2: Excerpt from scenario planning visualisations (Credit Will Baxter, WillBaxter.com) 

This process of visual documentation enabled dynamic engagement between stakeholders, even after 
the workshops. Reflecting the design team’s understanding of the detailed fire response in a highly 
visual format gave the fire brigade an opportunity to correct any misunderstandings and provide 
additional details. This resulted with a very clear understanding of the response procedure and the 
requirements of the fire brigade to respond effectively and safely to a fire incident in a tunnel. Fire 
brigade intervention can be summarised into five stages for the initial response to a train stopped 
within a tunnel with a fire on board that is not able to continue. These five stages are: 

1. Mobilise and drive to station, shaft or portal 

2. Set up Incident Command 

3. Set up Bridgehead at nearest cross-passage.  

4. Fire and Rescue operations in incident bore  

5. Return to surface 

By carrying out this detailed task analysis, several opportunities were identified to improve the design 
of the tunnel infrastructure and communications between the rail operator and the fire brigade during 
a fire incident. Conclusions regarding intervention distances are summarised below: 

• Fire brigade did not consider that times for intervention were a good measure of response on 
its own 

• Firefighter physiological condition is a significant concern for the fire brigade 

 Limits on walking distances in tunnels are unknown currently 

 Firefighters will not be under air, but are wearing Breathing Apparatus (BA) whilst within 
the non-incident bore 

 Firefighters will be under air at all times within the incident bore 

 All parties are keen to undertake physical tests to provide more information 

• There is a lack of supporting data for the efficacy of the 1 km and 500 m cross passage 
spacing, however it is a convenient comparator this exercise to demonstrate the impact of 
cross passage spacing on the perceived effort. 
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PHYSIOLOGICAL IMPACT ON FIREFIGHTERS 

During the workshops it became clear that the physiological impacts on firefighters is a top priority of 
the fire brigade as there are inherent risks to firefighters with fire response within a tunnel system. 
Therefore, a literature review was carried out on research relating to the physiological impacts on 
firefighters carrying out the following activities: 

• Walking while wearing PPE and SDBA [1,2,5,7] 

• Walking while wearing PPE and SDBA and carrying an additional load [1,3,6] 

• Walking while wearing PPE and SDBA in tunnel environments [1,2,4-8] 

The impact of elevated temperature, gradients, time and distance was also considered in this review. 
[1,2,4-8] A common thread through the research reviewed was the relationship between fatigue, heat 
stress and walking speed. The research indicates that a walking speed of 1.1 m/s or less would help 
minimise heat stress and fatigue for a firefighter wearing PPE and SDBA (30 kg) and carrying an 
additional load up to 20 kg [1-8]. For the purposes of this project, it was agreed with the fire brigade 
and rail operator that a value of 1 m/s should be assumed to assess the physiological impacts of 
walking.  

 
ASSESSMENT METRICS 

Commonly the maximum distance between intervention points is assessed by calculating the fire 
response times. It was demonstrated that the physiological impact on firefighters during intervention 
may also be a limiting factor in determining the maximum distance allowed between intervention 
points.  

Physiological impacts were evaluated through consideration of walking distance and walking speed, 
as well as time available at the incident for fire and rescue operations. The following metrics were 
used to assess the impacts of different lengths of tunnels and position of cross-passages on 
firefighters. 

Measure of the physiological cost of accessing an incident.  

The criteria for this metric is the total walking distance to reach the incident. The total walking 
distance is measured as: 

• Starting from base of Firefighting shaft, walk along route within station or shaft to the tunnel 
entry 

• Walk within the non-incident bore to nearest upstream cross-passage 

• Walk within incident bore to the incident 

Historically, the distance between intervention points within a tunnel section was measured from the 
point of entry to the tunnels. Points of entry to a tunnel section include the platform ends in stations, 
and doors to tunnels at intermediate shafts and portals. The walking distances within stations, shafts or 
portal buildings to access the tunnel entries were generally ignored. However, for this project, the 
walking distance at track level within the station, shaft or portal has been included in the measurement 
of distances between intervention points for to more accurately reflect the physiological cost to 
firefighters of accessing an incident in the tunnels.  
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Time available for firefighting operations 

The criteria for this metric is the time available in the incident bore for firefighting and rescue 
operations. The time available for firefighting and rescue operations is measured as follows: 

• Available SDBA (Standard Duration Breathing Apparatus) time minus time required to walk 
to and from the incident. 

The available SDBA time is taken as 31 minutes based on Standard Duration Breathing Apparatus 
typical duration for normal breathing. This figure was shared by the fire brigade during the workshops 
and is used for comparison only because the fire brigade noted the actual time available may be 
shorter than 31 minutes if firefighters are undertaking strenuous tasks.  

The time required to walk to and from the incident in each direction is calculated as shown in Eq. (1). 

 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑟𝑟𝑇𝑇𝑟𝑟𝑟𝑟𝑇𝑇𝑟𝑟𝑇𝑇𝑟𝑟 =
𝐷𝐷𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑇𝑇 𝑏𝑏𝑇𝑇𝐷𝐷𝑤𝑤𝑇𝑇𝑇𝑇𝐷𝐷 𝐷𝐷𝑟𝑟𝑐𝑐𝐷𝐷𝐷𝐷 𝑝𝑝𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑝𝑝𝑇𝑇𝐷𝐷

𝑊𝑊𝐷𝐷𝑊𝑊𝑊𝑊𝑇𝑇𝐷𝐷𝑝𝑝 𝐷𝐷𝑝𝑝𝑇𝑇𝑇𝑇𝑟𝑟
 

 

This time must be doubled to account for the access and return trips, as shown in Eq. (2). The walking 
speed is conservatively assumed to be 1m/s based on review of relevant literature (referenced above) 
and the abovementioned workshops with the fire brigade and rail operator.  

 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐷𝐷𝑎𝑎𝐷𝐷𝑇𝑇𝑊𝑊𝐷𝐷𝑏𝑏𝑊𝑊𝑇𝑇 𝑓𝑓𝑐𝑐𝑟𝑟 𝑓𝑓𝑇𝑇𝑟𝑟𝑇𝑇𝑓𝑓𝑇𝑇𝑝𝑝ℎ𝐷𝐷𝑇𝑇𝐷𝐷𝑝𝑝 = 31 𝑇𝑇𝑇𝑇𝐷𝐷𝑟𝑟𝐷𝐷𝑇𝑇𝐷𝐷 − (2 × 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐷𝐷𝑐𝑐 𝑤𝑤𝐷𝐷𝑊𝑊𝑊𝑊 𝐷𝐷𝑐𝑐 𝑇𝑇𝐷𝐷𝐷𝐷𝑇𝑇𝑟𝑟𝑇𝑇𝐷𝐷𝐷𝐷 𝑓𝑓𝑟𝑟𝑐𝑐𝑇𝑇 𝐵𝐵𝐵𝐵) 

𝐷𝐷𝑐𝑐𝐷𝐷𝑇𝑇 ′𝐵𝐵𝐵𝐵′ 𝑇𝑇𝐷𝐷 𝐷𝐷ℎ𝑇𝑇 𝐵𝐵𝑟𝑟𝑇𝑇𝑟𝑟𝑝𝑝𝑇𝑇ℎ𝑇𝑇𝐷𝐷𝑟𝑟.  

 

ASSESSMENT 

In this section the measures of maximum walking distance and time available for firefighting for a 
tunnel section with a length of 2250 m is compared with the RSPG base case.  
 
It will be shown that for a 2250m tunnel length, the walking distance can be made comparable to the 
walking distance in the RSPG case. This is achieved through optimisation of the spacing of cross-
passages in the middle of the tunnel sections. This in turn provides a significant increase in the time 
available for firefighting.   
 
RSPG Base Case  
As mentioned previously, the RSPG base case has been adopted as the benchmark scenario for the 
design process. The assessment for the RSPG base case is shown in Figure 3. 
 
  

(1) 

(2) 
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Figure 3: Assessment for RSPG base case 

 
 

 

𝑀𝑀𝐷𝐷𝑀𝑀𝑇𝑇𝑇𝑇𝑟𝑟𝑇𝑇 𝑊𝑊𝐷𝐷𝑊𝑊𝑊𝑊𝑇𝑇𝐷𝐷𝑝𝑝 𝐷𝐷𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑇𝑇 = 500𝑇𝑇 + 500𝑇𝑇 = 1000𝑇𝑇 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐷𝐷𝑎𝑎𝐷𝐷𝑇𝑇𝑊𝑊𝐷𝐷𝑏𝑏𝑊𝑊𝑇𝑇 𝑓𝑓𝑐𝑐𝑟𝑟 𝑓𝑓𝑇𝑇𝑟𝑟𝑇𝑇𝑓𝑓𝑇𝑇𝑝𝑝ℎ𝐷𝐷𝑇𝑇𝐷𝐷𝑝𝑝 = 31 𝑇𝑇𝑇𝑇𝐷𝐷𝑟𝑟𝐷𝐷𝑇𝑇𝐷𝐷 − �2 × �
500𝑇𝑇

�60𝑇𝑇
𝑇𝑇𝑇𝑇𝐷𝐷�

�� = 14.3 𝑇𝑇𝑇𝑇𝐷𝐷 

As shown in Eq. (3) and (4), the maximum walking distance is 1000m and 14.3 minutes are available 
for firefighting and rescue operation in the incident bore. 
 
2250m tunnel section 
The distances for a 2250m tunnel section are shown in Figure 4. For this case the cross-passages 
spacing at the middle of the tunnel section is reduced to 250m. The distance to the first cross-passage 
at each end of the tunnel section remains at 500m, which is the maximum permitted by the TSI.  
 
Figure 4: Assessment for 2250m 

 
 

𝑀𝑀𝐷𝐷𝑀𝑀𝑇𝑇𝑇𝑇𝑟𝑟𝑇𝑇 𝑊𝑊𝐷𝐷𝑊𝑊𝑊𝑊𝑇𝑇𝐷𝐷𝑝𝑝 𝐷𝐷𝑇𝑇𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝑇𝑇 = 1000𝑇𝑇 + 250𝑇𝑇 = 1250𝑇𝑇 

(3) 

(4) 
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𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐷𝐷𝑎𝑎𝐷𝐷𝑇𝑇𝑊𝑊𝐷𝐷𝑏𝑏𝑊𝑊𝑇𝑇 𝑓𝑓𝑐𝑐𝑟𝑟 𝑓𝑓𝑇𝑇𝑟𝑟𝑇𝑇𝑓𝑓𝑇𝑇𝑝𝑝ℎ𝐷𝐷𝑇𝑇𝐷𝐷𝑝𝑝 = 31 𝑇𝑇𝑇𝑇𝐷𝐷𝑟𝑟𝐷𝐷𝑇𝑇𝐷𝐷 − �2 × �
250𝑇𝑇

�60𝑇𝑇
𝑇𝑇𝑇𝑇𝐷𝐷�

�� = 22.7 𝑇𝑇𝑇𝑇𝐷𝐷 

The maximum walking distance is 1250m and 22.7 minutes are available for firefighting and rescue 
operation in the incident bore. 
 
The 2250m tunnel has a maximum walking distance which is 250m (25%) longer than RSPG. But 
1000m of this distance is within the non-incident bore, with only 250m in the incident bore. Walking 
in the incident bore under air requires the greatest physical effort for a given distance, therefore the 
significant reduction of this distance in this case provides a significant benefit. 

The second metric in the assessment is the time available for firefighting and rescue operations at the 
incident. This is strongly dependent on the cross-passage spacing. A shorter distance between cross-
passages results in less time required to walk to and from the incident and more BA time available to 
undertake firefighting and rescue operations. The time available for firefighting and rescue operations 
for a 250m cross-passage spacing is 22.7 minutes. The time available with cross-passage spacing of 
500m is 14.3 minutes. Therefore, a cross-passage spacing of 250m provides approximately 60% more 
firefighting time than when cross-passages are spaced at 500m. This has the following benefits: 

• Each firefighter crew has a longer time available to undertake their operations. They can 
either take more time on particularly physically demanding tasks or undertake more tasks 
during their time at the incident. 

• Fewer firefighter crews are required because each crew can spend longer at the incident. 

• If casualties are required to be carried out of the incident bore, then firefighters will have to 
carry them for a maximum of 250m rather than a possible maximum of 500m for cross-
passages spaced at 500m. 

 
OPTIMISATION 

By optimising the number, location and spacing of the cross-passages, the impact of the distance 
between intervention points on the maximum walking distance can be minimised and the available 
firefighting time can actually be increased, which is a significant benefit for fire fighter intervention. 

Based on this assessment approach, a cross passage optimisation tool was developed to support design 
development. This tool optimises the cross-passage spacing for different length tunnels based on the 
maximum walking distance and the available time for firefighting, enabling the design team to design 
the tunnels so that they meet the fire brigade requirements with as few cross passages as possible.  

Scenarios with a variety of distances between intervention points have been assessed, with optimised 
cross passage spacings, to show the differences in total walking distance and available firefighting 
time for each scenario in comparison to the RSPG base case. The results are shown in Table 1. 
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Table 1. Comparison of RSPG base case to longer distances between intervention points. Total 
walking distance and available firefighting time. 

 
Distance 
between 

intervention 
points 

Additional 
cross 

passages* 

Minimum cross 
passage spacing 

Total walking 
distance** 

Available 
firefighting time 

(min) 

1000m 
(RSPG base 

case) 
0 500m 1000m 14.3 

1800m 1 270m 1035m 22.0 

2250m 2 250m 1250m 22.6 

2300m  2 260m 1280m 22.3 

2400m 4 250m 1325m 22.6 

2500m 4 250m 1375m 22.6 
* Additional cross passages above the TSI requirement for a cross passage every 500m 
** Distance along cross passage not currently considered here 
 
CONCLUSION 

By optimising the location of cross-passages in tunnels, the walking distance for firefighters to reach 
the incident were minimised and the time available for firefighters to carry out firefighting and rescue 
operations was maximised. Through this analysis, the design team demonstrated that the distance 
between intervention points could be increased without significantly increasing the physiological 
impact on firefighters.  

Extending distances between intervention points (i.e. stations, intermediate shafts and portals) has 
significantly reduced planning, construction and environmental risk as well as the cost, substantially 
contributing to the commercial and planning viability of the overall scheme.  
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ABSTRACT  
 
Incident management of transportations tunnel emergencies can be extraordinarily difficult, far more 
than a building with greater numbers of occupants.  Understanding challenges created by design, 
regulations, geometry, myths, systems, terrorism, and lack of operator and responder training is 
essential to effectively plan for and execute optimal emergency solutions.  Improving Effectiveness of 
Incident Management in Tunnels is very possible with a concentrated effort to understand, plan and 
practice how to mitigate these challenges.   
 
This paper is meant to inform the variety of parties involved with transportation tunnels.  Including: 
design, engineering, tunnel agency operations, and certainly responders, and will hopefully incite 
changes which improve tunnel safety, as well as ensure transportation disruptions are minimized.  
Paper is necessarily US centric.  Italicised statements throughout provide summary thoughts for 
consideration.   
 
 
KEYWORDS: Tunnel incident management, incident command, regulations, ventilation, training, 
responder capacity, ventilation, tunnel myths, NIMS 
 
 
INCIDENT MANAGEMENT 
 
Effectively managing the myriad of considerations in a tunnel relies on using an Incident 
Management (IM) approach, which described as part of the National Incident Management Systems 
(NIMS) which is federally mandated for all government agencies at every level as well as any private 
sector which received government funding.  Even those not required to use NIMS often find their 
emergency interactions are automatically framed within IM given its very wide acceptance across the 
country. 
 
IM provides a framework to manage a few to hundreds of responders within a command structure and 
a hierarchy of pre-determined positions with specific authorities and written responsibilities.  One 
individual, the Incident Commander (IC) has final decision authority.  Successful IM identifies the 
incident in four parts: scope (range and complexity of problems), scale (size, tunnel lengths and 
occupant volumes), capacity (response resources needed), and competence (response ability to 
perform) and utilizes IM to optimize available resources against a range of problems to meet the 
incident priorities.  Additional information is available in NIMS and NFPA 1561, Standard on 
Emergency Services Incident Management System and Command Safety.   
 
Although the US model of emergency management was patterned after a military framework, the IM 
model was developed for large scale wildfires when hundreds of fire agencies, with thousands of 
responders needed an agreed framework for operations, i.e. FIRESCOPE (FIrefighting REsources of 
Southern California Organized for Potential Emergencies).  IM is now widely adapted for many 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

451

mailto:genglishucs@gmail.com


emergency types and by many organizations such as: schools, hospital, private business cybersecurity, 
although titles of some positions and position descriptions were changed to meet their business 
models.  The US IM process had been adopted by many countries.   
 
The US Federal Highway Administration (FHWA) promulgates IM via Transportation Incident 
Management https://ops.fhwa.dot.gov/eto_tim_pse/about/tim.htm process which unfortunately does 
not specifically address tunnel incidents.  However, tunnel agencies/operators, staff and management 
are required to use IM which allows relatively straightforward integration between responders (fire, 
police, medical, tow companies, etc.). (Fig. 1) 
 

               
 
Figure  1.  Incident Command Structure positions (there are several additional layers) 
 
Incident Management operates at three levels: • strategic level--determines overall direction of the 
incident: • tactical level--assigns operational (tactical) objectives: and • task level--completes specific 
tasks assigned to response units to meet incident priorities. 
 
Incident Priorities 
 
Emergency responder Incident Priorities (IP) are, in descending order of priority: Life safety, Incident 
stabilization, Property conservation, Environment protection, and Criminal scene preservation, 
LIPEC. 
 
In the simplest form this could be achieved by, in order: first saving all people at risk, then stopping 
the incident from becoming worse, then stopping property damage, then stopping damage to the 
environment and lastly, after the above has been accomplished, attempting to protect against any 
possible criminal scene disturbance.  Although this stairstep sequence greatly simplifies what strategy, 
tactics and tasks should be accomplished in order, in practice this clear cut sequence is only possible 
in the simplest incidents.  Actually priorities overlap because of varying risks.  For example 
responders must make, ‘either/ or’ decisions such as should the IC decide to use all resources in an 
attempt to save a lone individual who very possibly is already deceased, OR, use those resources to 
stop a fire from spreading with resultant risk to those in the structure.  Command experience, pre 
knowledge of facility structure/system, responders capacity/capability and ability to predict 
consequences of decisions is critical and will be modified by on scene information to derive the best 
possible course of action.  IM essentially matches problems with resources.  If inadequate resources 
are available prioritizing the tasks is important.  
  
We should recognize tunnel agencies also have a set of operational priorities which invariably 
includes ‘safety’ as the highest priority, and ‘continued operation’ as a second priority.  Agencies are 
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therefore faced with potentially conflicting priorities.  With a report of a possible safety hazard, 
should the agency close the tunnel, or continue to operate the tunnels with knowledge of ‘possible’ 
negative outcomes? Although closing a tunnel reduces or eliminates the safety problem this creates 
serious consequences as shutting down key transportation routes can have negative economic domino 
effect across a region.  Again the ability to quickly predict outcomes based on limited initial 
information is essential.  Lacking accurate information, the agency may choose to ‘take the risk’ and 
continue to operate, so reports of safety problems should include predicted outcomes as well as 
probability.  This is essential in assisting the IM system for sending and deploying resources.   
 
Since the priorities of responders, ‘to save lives and protect property…’ does not exactly match tunnel 
agency priorities ‘safety and continued operation”, there must be an interface where the priorities are 
weighed and strategy is developed which is mutually agreeable to all parties in a very short time span.  
NIMS provides clear guidance on this potential conflict by requiring responders and agencies to 
establish a Unified Command made up of representatives from the agencies, each representative with 
authority to make decisions and commit resources.  This changes the Incident Command Post, to a 
Unified Command Post (UCP) located in the field or designated remote location such as emergency 
operations center.  This allows all present to share information, and allow informed discussion 
regarding most effective strategy and tactics to meet priorities.   
 

                                      
 
Figure  2.  Four phases of emergency management (FEMA) 
 
Incidents progress through four phases and uses the following: Preparedness, Response, Recovery 
and Mitigation.  Improving IM effectiveness primarily occurs in the preparedness phase.  This would 
include planning and training.  Mitigation includes actions to prevent an incident and is too often 
addressed after an incident of consequence. (Fig 2.) 
 
The following example illustrated the difference between strategy, tactics and tasks.  Imagine a 
derailed train with fire and people trapped in a tunnel.  IC strategy might be: rescuing people in 
immediate risk, preventing fire spread, moving passengers out of harm’s way and minimizing damage 
to structure.  The tactics to support these strategies likely would include: send rescue teams to save 
people trapped (life safety), use engine companies with hose lines to stop fire spread (incident 
stabilization), ladder companies to ensure orderly evacuation (life safety).  Although life safety is a 
higher priority than incident stabilization the ‘risk’ to those not in imminent danger is low enough so 
allow other incident priorities to come to the fore.  Actual rescue is at the Task level and might 
include: gathering necessary forcible entry tools to pry open vehicles if needed, hose lines with 
firefighters to protect trapped victims and rescuers, and medical equipment to treat injured.   
 
Risk Benefit Analysis (RBA) is an ongoing process using incident priorities and (hopefully) trained 
personnel in all agencies who can accurately assess the risk.  Risk is the confluence of ‘hazard’ and 
‘probability’.  High frequency incidents (probability) might be allowed to occur if the negative 
impacts (hazard) had minimal negative impact.  Very low frequency incidents with high negative 
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consequences e.g. fatalities, should be prevented, i.e. mitigation.   
 
Measuring IM effectiveness 
 
There is no agreed metric for IM, nor are responder actions typically ‘quantified’ in metrics which 
could guide this discussion.  There are incident ‘after action reports’ which typically provide 
narratives of actions, outcomes, and lessons learned.  These should identify what preplanning actions 
would have been helpful, how decision making might have been improved and what changes should 
be made to training and standard operating procedures.  There are also required entries in national 
databases i.e. National Fire Incident Reporting System (NFIRS), which measure fire ignition sources 
and dollar loss.  https://www.nfirs.fema.gov/ 
 
A key challenge in measuring effectiveness is the huge variations in the conditions at the ‘start’ of the 
incident and changes which occur during an incident may be radically different in similar incidents.  
A report of a ‘train derailment with smoke’, might have no one seriously injured and smoke created 
by temporary short circuits, which self-corrected.  The same report of a ‘train derailment with smoke’ 
could be improved to describe passenger injuries, if flame is visible, and how many seriously injured.  
Thus enabling responders to accurately predict strategy and tactics.  Improving initial ‘reports’ could 
make a substantial difference in effectiveness.   
 
TUNNEL CHALLENGES  
 
Challenges created by design, regulations, geometry, myths, systems,  and level of operator and 
responder training) must be dealt with for successful and effective Incident Management (IM) in 
tunnels.  Following provides an overview of some of the many challenges. 
 
Tunnels Over Time - Earliest tunnels had very little, if any emphasis on safety and many of these 
tunnels are still in use and remain essentially unchanged.  For example the Hoosac tunnel (coal 
powered steam engines pulling railroad cars) had no ventilation system.  The engine exhaust created 
severe visibility problems and likely respiratory problems as well.  Many older tunnels such as these 
were retrofitted with newer systems, however the physical structures remain unchanged, i.e. very 
narrow ‘dark holes carved in rock’.  Some tunnels are also mined through soil and ceilings are held up 
with combustible timber beams.  Fires have destroyed some of these tunnels.  Safety systems, and for 
that matter anything other than a functional tunnel was beyond consideration.   
 
When planning for tunnel incident engagements, we should understand not only what was designed 
and actually built, but how the vagaries of time have impacted a tunnel, and potentially what level of 
maintenance of structure and systems might have occurred.  Although we presume the tunnel 
structures will last ‘a hundred years’, caution should be exercised.  This does not mean tunnels 
constructed 100 years ago will be fine, only modern tunnels built with modern engineering will likely 
structurally last a hundred years provided reasonable maintenance occurs.  Fires, terrorist attacks, 
dangerous goods releases can precipitate tunnel structural failures if already weakened.  For example, 
Seattle has a 115 year old rail tunnel which has received little maintenance other than track repairs as 
needed.  The structure was hand mined and lined with brick and is still essentially stable.  By 
comparison a nearby 65 year old tunnel was identified to have serious structural problems (ceiling 
beam connection failures).  A fire in the ‘newer’ facility could have readily resulted in structural 
collapse due to heat related connection failures.  IM needs to be aware of possible structural problems 
prior to an incident. 
 
Recognizing problems with tunnel structures and systems, the US initiated a Tunnel Operation 
Maintenance Inspection Evaluation (TOMIE) manual and required regular inspections under federal 
oversight.  The federal government is now requiring minimal inspection on all systems including fire 
and life safety systems.  This program will increase the likelihood these critical systems will remain 
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functional.  The operation level of systems and structural risks is key to incident management as failed 
systems may result in late or incorrect response increased challenges for users.  In road tunnels if 
systems are operating correctly and have fire detection/notification, it is likely the occupants will be 
notified to start evacuation.  If not notified automatically the IM may need to utilize limited resources 
to notify occupants of the danger.  Knowing the type of systems and their operational level as well as 
structural integrity affects IM decisions.  
 
Design Challenges – Transportation tunnels are essentially ‘highly functional structures’ constructed 
at lowest cost, i.e. built specifically to provide effective  movement of vehicles/people/goods with 
little or no emphasis on architecture niceties.  Although wider rail tunnels could be built to reduce 
motor vehicle accidents and accommodate faster emergency egress, that cost is believed to be 
unnecessary.  However, after a spate of serious tunnel incidents, Europe implemented a retroactive 
directive to improve safety.  There are no plans for retroactive directives in the US.   
 
This width discussion is important to the IC as part of the strategy is to evacuate people to safety via 
the same path responders use to access the incident scene.  This is very challenging.  In train tunnels, 
rescuing non mobile, injured people to a point of safety is directly limited by egress walkway width 
minimum requirement which is 61 cm (24”).  As stretcher wheel width is 58 cm (23”) this could 
readily result in stretchers falling to the invert.  Increasing this dimensional width reduces the hazard 
and increases effective  thus allowing more rapid excavation.   
 
Narrow walkways result in slow train evacuation movement occurring in a single file alongside the 
train and thus limited to the slowest person walking speed.  For transit system which use third rail 
power systems, evacuees are often loathe to jump down off the walkway once past the train to 
evacuate quicker, due to electrocution risk.  Also the regulation pathway above the walkway may be 
too narrow for very large passengers to move alongside of the train, effectively blocking evacuation.  
Attempting to quickly move responders to the scene quickly is hampered by this narrow width.  The 
time for a trainload, roughly 1000+ people, is orders of magnitude longer to evacuate than the same 
number in a building where greater number of closer exits and much wider hallway widths are 
mandated.  This lengthy evacuation time creates the need to manage smoke by very large mechanical 
ventilation systems.  Emergency walkways wide enough to allow two full size people to pass would 
greatly improve incident management and safety.   
 
Road tunnels are not without serious problems.  For instance, in buildings, dangerous goods are 
simply prohibited in most buildings.  Where dangerous goods are allowed, regulations require fire 
resistant separation and utilize fire sprinklers to minimize possible fire spread.  Also, dangerous goods 
in buildings are relatively static, i.e.  when they move, they do so slowly.  In tunnels the same 
dangerous goods in greater quantities, are moving at considerable speeds and separated by relatively 
thin vehicle walls… until an accident occurs.  To effectively mitigate dangerous goods spills, 
prepositioning spill containment equipment at the tunnel makes sense or use of FFFS. 
 
Regulations - Building and Fire codes in the US are widely accepted and supersede all but federal 
regulations.  These codes were developed based on ensuring life safety and reducing property 
damage.  However, building and fire code regulations are nearly silent on road and rail tunnels and 
may only address the underground passenger stations.  The most commonly used tunnel fire and life 
safety regulations in the US are National Fire Protection Association (NFPA) 502 ‘Road Tunnels, 
Bridges, and Other Limited Access Highways’, and NFPA 130 ‘Fixed Guideway Transit and 
Passenger Rail Systems’.  These are also widely used outside the US with varying levels of authority 
and enforcement.  Of note is the US NFPA Life Safety Code has specially allowed NFPA 130 to 
promulgate regulations which are less restrictive than anywhere else.  A good example is allowing the 
61cm (24”) wide walkway, whereas the life safety code and likely international building codes have 
minimum walking widths of 112 cm (44”).   
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A key element for IM effectiveness is the time to relocate evacuees to a point of safety, i.e. location 
protected from fire heat and smoke.  Nearly all regulations assumes a point of safety is outside the 
building i.e. portal, or beyond the door to exit path to the surface or into a cross passage between 
tunnels.  However, US rail tunnels rely on ventilation to create safe spaces (i.e. without a door) which 
is therefore wholly dependent on functional ventilation systems of the correct size, i.e. able to manage 
smoke.  Rail tunnels also use 244 m (800 ft) maximum spacing between exits throughout their 
tunnels, except in the area proximate to the portals where the distance can be up to 262m (2500 ft).   
 
This presents a severe challenge to responders to effectively perform rescues.  Responders use self-
contained breathing apparatus (SCBA) to provide fresh air when in smoke, which has a working time 
of 15-20 minutes.  Thus the 262 m  (2500 ft) distance is simply too far to enter into very low visibility 
smoke while searching, and safely back out, therefore rescues might be very challenging.  To 
effectively perform rescues responders  must know in advance to carry additional air supply bottles, 
which increases walking time, or the tunnel should install firefighter replenishment air supply system.   
 
Given the SCBA provides a short working time if safety reserves are maintained, arriving at a tunnel 
incident site where the occupants are not in smoke is important as this allows quick triage, and rapid 
movement of people to safety.  Responders assume people will leave the incident site in an attempt to 
escape which likely will include movement in smoke.  Therefore search efforts in the smoke must 
occur which is time and resource intensive, i.e. more responders are needed than in a building where 
exits are more plentiful and closer. (Fig. 3)   
 

                           
 
Figure  3.  Firefighters exiting in tunnel with Self Contained Breathing Apparatus 

 
Responder Competence - we can assume responders are fully competent in dealing with incidents 
outside tunnels, however, competency in tunnels should not be assumed.  Simply put, the infrequency 
of tunnel incidents when compared to the hundreds of incidents which occur on the surface prevents 
competency development.  Training specific to tunnels is critical.  One approach for tunnel 
competency would be to mimic the responder competency requirements in ‘dangerous goods’ 
responses.  Tunnel responder competencies levels could be: awareness, operational, technician, 
specialist and command positions with each requiring higher levels of training, and experience.   
 
In the US there is a Federal Highway (FHWA) program to train transportation incident managers 
(TIM) on interfaces with responders in several disciplines.  However the training does not specifically 
address tunnels which can be far more difficult to manage.  Perhaps ironically the newer tunnels have 
adopted many Fire and Life Safety Systems (FLSS) commonly used in buildings: fire detection, 
notification, fire sprinklers, standpipes, etc.  For these systems responders often have significant 
experience and therefore understand them.   
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There are two systems in tunnels which are different than the surface: ventilation and ‘points of 
safety’.  Tunnel evacuation systems are dependent on successful mechanical ventilation which is often 
hundreds of times larger than anything in surface buildings.  The concept of building systems pushing 
or exhausting smoke to create safe atmospheres inside is simply not something many responders have 
ever experienced, except in tunnels.  Likewise, spending considerable effort to move people a few 
meters to a safe location inside a structure (point of safety) is not usually necessary as most surface 
buildings have multiple exits paths to simply evacuate to outside.  A newer technology, handheld 
thermal imaging cameras (TIC) have proven a very valuable tool for searching in smoke.  TIC allows 
more effective  rapid searches in smoke, and improves wayfinding.  IM and tunnel agencies should 
strive to pretrain and orient responders to tunnels and systems to ensure reasonable competencies.   
 
Responder capacity - is perhaps one of the biggest challenges.  Capacity refers to the ability of 
responders to staff the array of incident management positions including the labor intensive task 
assignments.  The sheer volume of people who might need assistance and great distances to safety  is 
hugely different than on the surface.  Even in large building assemblies, e.g. churches, stadium, 
concert halls, the building and fire codes ensure occupants can reach safety quickly, i.e. few 
responders if any are needed to assist in evacuation.  A ‘simple’ single car accident with a fire 
occurring in a tunnel might require several more responders than same incident outside a tunnel to 
stabilize and move patients, and, ensure other motorist evacuation.   
 
A significant tunnel multiple vehicle accident, or train derailment could create the need for far greater 
numbers of responders just to transport injured to outside ambulances.  Also, lacking the able bodied   
ability to quickly self-evacuate places due to long distances to exits, increases their danger by 
exposure to fire/smoke, dangerous goods releases, etc.  Many more responders are needed.  
Combination of these challenges could easily outstrip the response capacity.  Since responders come 
from different locations (fire stations), their arrivals may be intermittent thus requiring IM to assign 
resources both based on the time to the incident site, and the skill set for the group.  E.g. assigning a 
ladder company to bring fire hose does not work as the ladder company does not carry hose.  Given 
there may be multiple access points, (portals, exit stairs, etc.) the arriving units should be dispatched 
to the point where they will be assigned, vs the closest spot from the station.  E.g. if assigned to search 
in smoke downstream of the incident, their arrival point should be nearer that search area.  IM must 
use tactics which optimize limited responder capacity and competencies.   
 
Physical Constraints - For effective incident management, the IM must understand the physical 
constraints they must work within.  These constraints are not limited to the tunnel itself but the 
distances and their accessibility to the tunnel and the occupants.  Although responders as well as 
designers and engineers often assume we are dealing with urban tunnels there are many tunnels 
remote from available responders.  Rail tunnels sometimes have simply no road access to a tunnel 
portal requiring overland access on foot or rescue trains.(Fig. 4)  Remote road tunnels would appear to 
have the advantage of a ‘road’ to the incident site, however, weather conditions (snow, ice) might 
precipitate vehicle accidents outside the tunnel thus slowing access to the tunnel incident. 
Additionally, access roads and tunnel interiors may lack shoulders wide enough to allow responders to 
pass or readily access the incident scene.  Thus command decisions based on ‘expected arrival time’ 
for responders to reach a tunnel and mitigate and emergency must account for these differences.  
Although this may be more readily understood with remote urban tunnels, in urban settings, traffic 
congestion, construction projects could create similar serious delays before responders arrive at the 
scene.  IM should be aware of possible responder delays and assign effective entry points prior to 
their arrival.  
 
To overcome the remoteness some road tunnels have a fire brigade (private fire service) stationed near 
the tunnel.  By default they are the responders and are likely better aware of tunnel systems and 
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challenges as they deal with the structure daily.  However, their capacity may be minimal.  Calling for 
more resources as soon as possible may be critical and increases effectiveness .  

 
Figure. 4  Remote tunnel portal limits responder  access by road. Ridgeway Hill Tunnel, UK  
 
Tunnel Myths - Tunnel mechanical ventilation is one of the earliest and most evolved safety systems 
and is often incorrectly thought of as a panacea for fire smoke and heat.  This is a myth on several 
fronts.  The 1927 US Holland Tunnel was the first to specially address the problem of vehicle 
produced carbon monoxide with a then highly innovative mechanical ventilation system. By using a 
fresh air supply  plenum under the length of the road deck and an exhaust plenum above the length of 
the ceiling lid the ‘full transverse’ ventilation system was invented, developed, tested, and installed.  
In practice this system was capable of exhausting the carbon monoxide produced along the length of 
the tunnel while supplying fresh air to replace air being exhausted. (Fig. 5) 
 
 

  
 
Figure  5  Holland road tunnel supplies fresh air at bottom and exhausts air and CO via the ceiling.  
Size comparison between road and rail tunnels under Hudson River 
Figure 6  Hudson River Tunnel –  aftermath of 1949 Dangerous Goods Fire    
  
However this ventilation system was not designed to manage heat/smoke from a fire.  When a  
significant dangerous goods fire in this tunnel occurred in 1949 and attempts to use this system was 
unsuccessful with 1 fatality and 66 injuries as well as significant damage. (Fig. 5)  Many other tunnels 
use similar carbon monoxide systems management systems, sometimes incorrectly called smoke 
control systems.  Later ventilation systems were specifically designed to address fire and smoke and 
until 1990s, the baseline assumption for the largest fire was 20 MW, thus ventilation was designed for 
this fire size.  However, fires larger than 20 MW can occur and the older designed systems will not be 
effective if a larger fire occurs, therefore leaving smoke throughout a tunnel.   IM should be aware of 
ventilation capacity. 
 
Evolution of Fire and Life Safety Systems (FLSS) - The same ‘hole carved through rock’ may have 
been updated with the gamut of FLSS, however, given the evolution of these systems over time it is 
unlikely older tunnels will have the latest version of all these systems.  In fact, there is no set baseline 
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of minimum required FLSS in the US so there is array of safety systems with varying degrees of 
effectiveness.  EU directives have added retroactive requirements, but this has not occurred in the US.  
Therefore the IM may be faced with tunnels of similar age with different types and operational 
readiness of FLSS.  Tunnels may present very different systems, notably ventilation systems which 
directly impacts IM ability to effectively manage an incident.  
  
The Memorial Tunnel tests (1990s) proved a longitudinal ventilation system could not only 
successfully remove carbon monoxide, but also push smoke/heat from a fire up to 100 MW in size  
along the length of the tunnel.  However a challenge with longitudinal ventilation is those people 
downstream of a fire who cannot escape quickly enough will be exposed to heat/smoke blown over 
them.   
 
However, newer large scale scientific fire tests have proven the fire size and fire growth rate used to 
design even the newest mechanical ventilation systems (100 MW maximum) were ‘undersized’.  2002 
tests demonstrated a heavy goods fire could reach 200 MW vs the regulation 100 MW.  The Mont 
Blanc fire was estimated at 190 MW which confirms the test fire sizes.  Even larger fires have 
occurred; 1982 Caldecott was 400 MW, and 2016 Skatestraum fire was calculated at 440 MW, both 
of which were flammable liquid pool fires.  We should understand these larger fires could have been 
even greater if the tunnel geometry was larger (more traffic lanes) therefore allowing more oxygen to 
the fire.  Essentially many tunnels have ventilation systems which are undersized and might therefore 
not be able to protect occupants as expected.   
 
Undersized ventilation was dramatically demonstrated in the East River Mountain Tunnel fire in 
Kentucky (2014) when the correctly operating ventilation system was incapable of managing the 
smoke from a fully involved truck cab fire as the design fire was undersized.  Lacking understanding 
of why the smoke was not being exhausted as expected, the operator turned off the ventilation in an 
incorrect effort to ‘starve the fire of oxygen’.  Incident management needs to understand the potential 
of an undersized ventilation system and competency challenges with tunnel staff.   
 
This phenomenon is not limited to road tunnels.  The January 2015 fatality fire in Washington DC. 
WMATA resulted in one fatality from smoke exposure.  The National Transportation Safety Board 
asked ‘why the ventilation system was not used to move smoke away from passengers’.  In fact the 
requirement for passenger rail ventilation found in NFPA 130, was not yet established when WMATA 
was built and thus the ventilation system they had in place was only designed for providing fresh air 
and cooling in the tunnels.  Clearly there is a lack of knowledge on tunnel ventilation system limits 
which should be addressed.   
 
The different types of ventilation systems and capacities present IM with a very difficult quandary, 
how to pre identify which tunnels have undersized ventilation systems, thus changing the rescue 
profile for responders.  No US national effort to identify the 503 road or hundreds of rail tunnels 
ventilation effectiveness to inform tunnel operator or responders is planned.   
 
Although  IM officers are very aware of fire growth rate in buildings, 650℃ in ten minutes, they are 
largely unaware of the very rapid fire growth rate in tunnels with temperatures reaching 1100℃ in 
same 10 minutes.  This fast growth makes rapid self-evacuation and the task of assisted rescue 
exceptionally challenging, notably due to added time from portal to the incident, high volumes of 
people, with fewer exits, spaced much farther apart.   
  
Another myth is the mistaken belief that all smoke from fires in a tunnel will rise to the ceiling and 
form a neat stratified layer above the evacuees so they can safely escape or responders can access.  
Depending on the products of combustion, smoke from a fire might only be slightly above ambient 
temperature (pyrolyzed) and will mix quickly and destratify across the entire tunnel area.  Even hot 
smoke will destratify quickly when mixed with air from a ventilation system.  The belief in 
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stratification is in large part based in numerous tunnel pan fire tests which use flammable or 
combustible liquids which produce very hot smoke.  IM should understand the smoke will not always 
stratify and expect search and rescue and evacuees will have limited visibility.   
 
‘Survivable profile’ is not often discussed but is a key question that should be asked.  Responders in 
tunnel fires will go to great lengths, and considerable personal risk in efforts to save someone in a 
tunnel fire.  However, there are conditions which are not survivable and should be identified.  For 
example large scale fire tests have shown a tunnel fire can consume much of the available oxygen, i.e. 
become an oxygen limited fire.  This leaves spaces downstream of the fire with inadequate oxygen to 
support life, even if the occupants could shelter from convection and radiated heat.  This lack of 
oxygen will cause those people downstream of the fire who have sheltered from heat, to lose 
consciousness and potentially die.  Caldecott tunnel fire had calculated downstream oxygen level at 
6%, i.e. fatal.  IM should understand survivability profiles to limit risks to responders.   
 
One of the biggest myths perpetuated in tunnels until recently was the ‘use of fire sprinklers in tunnels 
will cause: loss of visibility, steam burns, explosions, etc’.  This was derived from a very flawed set of 
tests conducted in 1965 and carried forward in the literature and regulations until fairly recently.  This 
resulted in this fundamentally sound, extremely effective fire suppression system being banned from 
tunnel consideration and reliance on ventilation systems which might be undersized.  NFPA 502 was 
one of the first to recognize the myth and system potential which is now widely accepted.  Several 
tests have proven the efficacy of these systems if correctly, designed, tested, operated and maintained.  
In the US fire sprinklers have been required for many years and is quite common in public assemblies, 
schools, hospitals, commercial buildings etc.  The IM should identify if fire sprinklers are present and 
their effects on any fire.   

  
 
 IMPROVING EFFECTIVENESS 
 
We should understand the existing Incident Management system is very effective.  A primary reason 
tunnel incident is not as effective as possible is often simply the lack of understanding of the 
challenges, limited training, and lack of experience related to tunnels.  Even when a response 
organization has good working knowledge of tunnel incidents, turnover among command staff, new 
firefighters and expectations of using varying competencies from mutual aid in tunnel incidents 
should result in ongoing efforts to update training and knowledge.   
 
The author has personally provided training in road and rail transportation tunnels for many 
responders, primarily fire and police.  In spite of the local area having rail tunnels since 1904 and road 
tunnels since 1954, the majority of responders had never actually walked in a tunnel until the city fire 
department was designated as a tunnel construction rescue team.  Providing an orientation while 
recounting previous tunnel incidents like Mont Blanc, and watching video re-enactments were eye 
opening.  It was then responders realized the possible challenges they would face.  Without these 
tunnel ‘walks and talks’, many responders could have spent their time responding to an incident trying 
to orient themselves to an almost totally new environment, possibly disoriented by smoke, rather than 
concentrating on the incident itself.      
 
Pre Incident Planning     
 
First, there are a few key difference about tunnels which should be understood by all responders and 
very well understood by command staff and first arriving officers. 
 
1. Tunnel Fire Behaviour and effects - Tunnel fire growth rate can be much faster than a building 

interior, or nearly any other structure content fire.  Many thought the largest fire would be 100 
MW but fires have occurred at over 400 MW.  The rapid fire growth and more intense fire than 
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expected can seriously impact IM tactics and assignment of tasks.  Use of fire sprinklers is 
effective at preventing rapid growth and high temperatures.   

  
2. Occupant loads vs Exits - Passenger trains can carry in excess of 1000 people, i.e. an assembly 

sized occupant load which in a building would require a minimum of four nearby exits to rapidly 
move occupants out of the building to safety.  Tunnels, by their nature only have two practical 
exits paths from a fire, one of which can be blocked by fire.  The exit path adjacent from a train 
may be narrow forcing single line exiting.  Where possible an egress path through the train should 
be utilized in addition to emergency walkway.  Special assistance for those unable to self-
evacuate should be expected by responders.  Potentially very large crowds of people will be 
attempting to self-rescue and need direction and assistance.  Egress inside a road tunnel may be 
hindered by traffic accidents and tight spacing between vehicles.  Preplanning responder assisted 
emergency exit strategies based on occupant load and egress paths is critical.   

 
3. Ventilation systems – knowing what ventilation method is used in each tunnel is essential.  Being 

able to identify when systems are NOT effectively creating safe spaces is important.  Failure or 
undersized ventilation design may result in tunnels filled with smoke thus requiring responders to 
use SCBA for extended periods.  Identify smoke free areas and direct rescue attempts to/from 
these locations.  Given distances between smoke free areas (cross passages) fire attack may need 
to occur from closest smoke free area to allow SCBA air supply is adequate which necessitates 
longer hoses.  Confirming ventilation is effectively moving smoke, or not, should occur in 
reconnaissance.   

 
Building vs Tunnels  The following three areas are significant differences between surface buildings 
and tunnels and must be understood and accounted for in IM and training to all responders. 
 
Documents – Tunnel are often have ‘emergency response plans’ which should be jointly reviewed 
and understood by tunnel operators and responders as excellent base documents.  These identify 
structures, systems, expected system behaviour, actions of tunnel staff, contact numbers.  Some 
response departments have emergency operating procedures for tunnels and a few have detailed 
responder guides which provides greater detail from a responders point of view.  Response agencies 
also construct ‘pre incident plans’ which should be used.  Study large tunnel incidents, what worked 
and lessons learned and responder recommendations.   
 
Tunnel Monitoring – many tunnels have staff in a tunnel operation center (TOC) at the tunnel or in 
remote locations.  They monitor tunnel vehicle traffic/ train movement, and are tasked with reporting 
emergency incidents which require outside agency intervention, notably, police, fire, ambulance.  
Many tunnels are monitored via cameras.  More importantly technology now allows camera with 
computers to identify ‘non normal’ conditions such as stopped vehicle (i.e. possible accident with 
fire) and alert the TOC.  Providing  remote camera views to emergency responder dispatch centers 
could improve responses by improving rapid reconnaissance and streamlining responder routing to 
best access points.  This is one of better methods to improve effectiveness . 
 
For facilities with TOC, response agencies should determine under what conditions they will send a 
fire officer to the TOC or request mutual aid to send an officer to the remote TOC.  This allows face 
to face communication with tunnel agency managers which improves effectiveness.   

 
For agencies which have multiple facilities, the TOC could be used as a ‘proprietary supervising 
station’, i.e. monitor fire system for all tunnels, and other buildings.  Some tunnels are not directly 
monitoring the traffic in person or via cameras, and rely on phone calls to report incidents.  Even 
unmonitored tunnels may have fire systems which might provide fire detection and is reported to 
Central Station monitoring who reports directly to responders dispatch center or TOC.   
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Tunnel systems - varies from ‘none’ to a systems comparable to buildings with addition of 
mechanical ventilation and traffic/ train movement controls.  Fire detection, fire sprinklers, 
standpipes, notification appliances, areas of refuge, exit systems, emergency communication (for 
occupants and responders) and perhaps most important, cameras as mentioned.  Note some tunnel 
cameras can identify heat and smoke signatures for fire detection, automatically report the fire.   
 
Training  
 
All responders training on the nuances of tunnel incidents is too time intensive.  Members should be 
trained to their expected assignments, command staff for strategy and developing/ directing tactics, 
firefighters should be proficient in tasks: search and rescue, hose line deployment by standpipe, 
extrication, etc.  All responders should be trained on responder risks.  
 

 
Fig. 7 Incident management multiple responder agency classroom training  
 
Utilize the full gamut of Homeland Security Exercise Evaluation Plans (HSEEP)  
https://www.fema.gov/hseep.  Classroom training includes: seminars, drills, tabletops. (Fig 7.)   
Classroom provides opportunities to present fire dynamics, ventilation systems, structural layout, 
describe exits limits, and perhaps most importantly review historic tunnel incidents, what worked and 
what could have been improved.  This provides first hand info on how to resolve problems.   
 
Field training includes: drills, games, and exercises both functional and full scale. These include 
practicing task level work such as evacuating trainloads of people while simultaneously attacking 
fires, searching tunnels in smoke for victims and recognizing dangerous good vehicles in smoke in 
road tunnels, extricating people trapped under vehicles in both rail and road tunnels, and use of rescue 
trains.  Field training also provides an opportunity for command staff to practice prioritizing i.e. 
deploying and moving resources, setting up triage areas, setting up unified command.  The 
combination of classroom and field work provides future incident commanders an opportunity to 
practice ‘predictive estimates’.   
 
Being able to predict tunnel challenges based on limited available information can dramatically 
improve effectiveness but requires practice to develop the skills necessary.  A clearly identified 
predictive estimate of a  ‘possible scenario’ based on experienced responder and tunnel agency 
expectations can improve effectiveness.  Tunnel fires, medical emergencies, dangerous goods 
releases, train derailment (with injuries, fires, etc.), high speed collisions, rollover accidents, very low 
visibility search and rescue, search with limited air supply, et.al. should all have predictable situations, 
and therefore informing responders enroute to an incident can be beneficial.   
 
For example a dispatch for a heavy goods vehicles ‘rear ended’ by a school bus with trapped patients 
and a fire in the cargo area of the truck could be enhanced by experienced command staff assigning 
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resources prior to arrival.  For example a command radio report prior to arrival as follows, “ This is a 
mass casualty incident, “expect estimated 5 critically injured, 20 moderate injuries. First arriving 
unit, verify smoke is moving downstream of incident (longitudinal) protect school bus from fire, 
identify truck cargo for possible dangerous goods, 2nd unit perform patient triage, 3rd unit approach in 
parallel bore to ensure access if 1st and 2nd unit are delayed”.  A predictive radio report sets the stage 
and will be modified as better information arrives from responder reconnaissance.   
 
Keep in mind the time available for training in large departments with possibly over 100,000 
emergency responses per year is very limited.  Of the training time available the responders are 
mandated for minimum hours of training in basic and special skills.  Therefore training time for 
‘optional’ areas like tunnels is limited.  For tunnel agencies presenting training on tunnel structure, 
operations, systems, they should realize many responding agencies work shifts where responders are 
on duty only one to 2 times per week which with different days every week which limits interagency 
opportunities.   
 
Some responder agencies ‘tour’ the tunnels via video training, as a possible way to keep responders 
aware of tunnel fire and life safety systems, traction power for rail systems, etc.  Some jurisdictions 
have had success with a ‘train the trainer program’, where select individuals receive specialized 
training on a topic as a lead instructor and then formally share this with other responders.  This has 
proven to work very well with proper oversight.  For this to be effective in tunnels, documents as 
mentioned should be used.  First-hand accounts with large scale tunnels events or after action analysis 
could be used.  Regardless of methods tunnel training is challenging and can take far more time than 
many response agencies have available.  Also, what is not frequently discussed and needs to be 
addressed, is the high likelihood some of the responders will be volunteers, i.e. with very little 
emergency experience.  This occurred at the East River Mountain tunnel with nearly disastrous 
consequences as volunteers erroneously drove a fire engine through the tunnel in nearly zero visibility 
which endangered occupants and other responders.   
 
Rescue trains provide a ready means to move large volumes of responders and equipment nearer the 
incident site, and can be used, on a priority basis, to move the most critically injured to an outside  
crossroad where they can be transported by ambulance, followed by less seriously injured in later 
trains. Command should be aware the responder resources may be inadequate an enlist the assistance 
of healthy passengers (nurses? doctors?) to render assistance.  For road tunnels public buses can be 
used for transport of patients.  In either case a ‘mass casualty incident’ of this scale will impact 
hospitals who should be notified as soon as possible with reasonably accurate patient counts. 
   
Multi agency training is critical - A well thought out joint drill or exercise can not only provide 
sharing of key information, but will develop professional working relationships which allows more 
effective decision making at an incident.  Possibly the best joint training occurs in tabletop exercises 
where agency/responder representative assume roles within a unified command structure with 
technical experts on each side providing expertise on best practices as needed.  Walking through a 
‘tabletop’ scenario can simulate overcoming challenge so all parties understand how each works.  
This becomes more important when tunnels pass through multiple responder jurisdictions, meaning 
several responder agencies will be represented at the unified command.  Practicing interdepartmental 
interactions in a controlled environment pays huge dividends and uncovers policy level conflicts 
before they show up in the field.   
 
Alarm And Initial Actions 
 
Begins with the report to responding agencies of an incident needing their intervention, and dispatch 
of responders and resources.  The responder call center which receives the alarm is a critical cog in 
IM effectiveness as the information they provide with provide the framework for the responders.  The 
typical who, what, where, when, why questions may be inadequate.  The tunnel control center will 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

463



likely make the initial report to the emergency call center.  Since this is the initial contact, it is critical 
the tunnel control center caller have accurate information to answer key responder questions to inform 
the response agency and the IM system.  Given this criticality, joint efforts should pre determine what 
information is needed by responders from the tunnel agency and should clarify how the tunnel agency 
reports the information.  Efficient response agency will have predetermined their own resource 
deployments based on scope/ scale, capability and competencies.   
 
Response agencies for transportation tunnels should have specific pre-planned deployments, often 
called ‘run cards’.  To determine which number and expertise of responding units and what, if any 
additional resources are needed.  Pre incident development of these ‘run cards’ should occur between 
senior, experienced tunnel command staff and tunnel agencies who can inform responders on access 
points, ventilation status, number and possible number of patients, what their agency will be doing, 
notably ventilation and occupant notifications, etc.  Dispatch centers should be prepared to provide 
direction to tunnel agencies, notably ensuring their staff will meet responders at designated tunnel 
access points.   
 
Size-up by responders is extremely important and should be practiced to insure this occurs quickly.  
Size up is required for first arriving units to describe the scene and indicate a preliminary plan, often 
this will include confirming the ‘predictive messages’.  Size up should state what they see before 
arrival: smoke conditions, traffic, people walking out of emergency exits, etc.  Upon arrival the first 
unit is by default the incident commander until relieved and should designate an initial incident 
command post and confirm or deny any predictive messages transmitted.   
 
Reconnaissance is achieved by sending teams into the tunnel, often from different entry points to 
obtain first-hand information on conditions, confirm incident type, location, scale, scope (i.e. not just 
fire, but fire with burn victims).  Recon is ongoing and should include risk benefit suggestions.  The  
information provided informs he Incident Command and ultimately to the Planning section of the 
incident command organization,  
 
Correcting actions and reports, given the dynamic situation in tunnel incidents, there are often 
changes which had not been projected, or expected.  IM should be immediately notified through the 
chain of command to determine if strategy, tactics or tasks need to change.   
 
Incident Command (IC) position has the greatest burden to adequately prepare for, plan, and direct 
actions to meet incident priorities. If correct planning, responder capacity and competence is 
adequate, the command position may be relatively straightforward.  However, officers who may be in 
command positions should make extra efforts to ensure the challenges and other issues identified 
previously are minimized.   
 
Command ‘overload’ is very possible as many initial commanders fail to establish support command 
positions to spread the work load.  Generally no position should have more than 5-7 units reporting to 
them.  When nearing this number the command person should designate someone as field incident 
technician and, at a minimum assign some responsibilities to a lower level officer.  For example with 
5 units involved in search and evacuation, and an expectation to add more units for evacuation, 
assigned one of the existing evacuation units as ‘evacuation division’ puts all of the other evacuation 
units under their authority and reduces span of control (authority) for IC, i.e. the IC can talk to one 
person versus many.   
 
Command is also responsible for establishing Section Chief positions, Operation , Finance, Planning, 
and Logistics.  If media attention will cause distraction from IM, the IC should appoint someone as 
the Public Information officer.  Other positions are provided in the IM system and should be used as 
needed.   
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A major tunnel incident will likely be the most challenging of any responders career.  If managed 
effectively, the loss of life will be minimized, patients will be quickly stabilized and transported, 
structure damage will be minimal and the facility returned to operation with limited delays.  A major 
incident will likely receive in depth analysis and concentrate on effective use of resources.   
 
CONCLUSION  
 
Improving Effectiveness of Incident Management in Tunnels is important and possible.  Challenges 
created by many factors make this difficult and requires preplanning, training and a commitment by 
both tunnel and responder agencies to ensure they are fully prepared.  Issues such as undersized 
ventilation systems, very narrow walkways, unregulated dangerous goods, etc. should be planned for 
and resolved if possible by tunnel agencies and regulating authorities.  We all want to ensure the 
traveling public remains safe, and these critical tunnels continue to provide effective transportation.  
To do so, improving incident management effectiveness should be a high priority.   
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ABSTRACT 
 
Complex tunnels with multiple slip roads and/or connections to other tunnels pose a big challenge in 
controlling ventilation in the case of fire. This is true for both road and rail tunnels. The aim of a 
ventilation system is to provide air and smoke management as described in the tunnel safety 
documentation. In order to do this a software-based control algorithm steers all the required actions of 
the actuators (fans), based on response information (air velocity).  
 
However, measuring air velocity in a tunnel under given boundary conditions is not a simple task. In 
addition, the interaction between fans and air movement is strongly influenced by the compressibility 
of air. Hence, the interaction between fans and air movement requires, on the one hand, a very good 
control mechanism, and on the other, correct monitoring of the air velocity (feed-back).  
 
The current paper focuses on both, a specific method for calibration of measurement devices for air 
velocity in a tunnel and the test and adjustment procedures of tunnel ventilation control systems in order 
to achieve the required ventilation goal.  
 
KEYWORDS: complex road tunnels, ventilation systems, ventilation control, smoke control, air 
velocity measurement 
 
 
INTRODUCTION 
 
Traffic is becoming an increasing problem in densely populated areas. Moving traffic underground is 
thus becoming more and more common. The resulting tunnel systems contain various slip roads, exits 
and interconnected tunnels, and can be very complex in terms of traffic and air management 
(aerodynamics). According to PIARC, they also present a large challenge in terms of the design, 
operation and control of ventilation systems. Examples of such tunnels are the West Connex complex 
in Sydney (up to 36 km subsurface) or the Stockholm Bypass, where more than 17 km out of the total 
21 km is being built underground. 
 
Due to their complexity, the engineering and subsequent implementation of such tunnel systems have 
to be tested thoroughly, both during the installation phase, and also prior to commissioning. An 
important part of this testing/commissioning process is the testing of the overall ventilation system, and 
more specifically, verifying that the stated ventilation goals can be achieved under both normal and 
incident operation. 
 
Ventilation control is, in general, based on closed loop control systems. In order to make the best use 
of the limited time during the installation phase in a tunnel, software tools providing a virtual 
representation of the tunnel are employed in order to predefine the parameter settings of the controller 
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and to check whether the ventilation goals can be met. This allows for a virtual function test of the 
ventilation control algorithm prior to implementation. However, the final and main adjustments and 
tests still have to be performed on site.  
 
These tests are in general based on monitoring the air movement inside the tunnel and comparing it to 
the required ventilation targets in terms of air velocity and the direction of air flow. While air direction 
is relatively simple to measure, problems may occur when attempting to monitor air velocity. The 
measured value should represent the average air velocity over the tunnel cross section at the location 
under consideration. As the air velocity value is the triggering parameter during operation of the tunnel 
system, this value must be correctly measured permanently during tunnel operation. This often poses a 
problem as the measurement of the average cross-sectional air velocity value requires that the 
measurement system be perfectly positioned and adequately adjusted at the given location. It is also 
important that the sensor imposes no restriction on tunnel operation and that the required information 
is delivered accurately.  
 
This paper deals with tests and the adjustment of the tunnel ventilation control system performed in a 
time and cost saving way. It also describes an optimized method for on-site calibration of the air speed 
measurement devices in tunnels as a precondition for the tests. Both approaches were applied in 
different projects and are presented in detail. 
 
 
AIR VELOCITY MEASUREMENTS IN TUNNELS 
 
For ventilation control it is very important to get the correct value of air speed which is representative 
for the whole tunnel cross section. According to VDI/VDE 2640 [1], the standard procedure for air 
velocity measurement in ducts entails a grid measurement with at least 25 measuring points, evenly 
spaced across the tunnel cross section (e.g. 25-sensor Log-Tchebycheff methodology). There are two 
problems here. First, such a method is not feasible for a tunnel under operation. Second, installation of 
such a measurement grid, even during the testing and commissioning phase, simply requires too much 
time and effort. Thus, for tunnels in operation, two measurement concepts are commonly used.  
 

• High-precision differential pressure measurement (Pitot tubes): This method provides air 
velocity measurement at least for two points on each side of a tunnel tube outside of the traffic 
envelope (clearance zone).  

• Air velocity measurement using ultrasonic technique (path-averaged): such measurement 
devices deliver a path-averaged air velocity value. The measurement path is commonly 
installed at a height of about 5 m and extends from one tunnel wall to the other. 

 
Air velocity measurement using ultrasonic technique has already been tested several times in terms of 
comparability to the VDI/VDE 2640 procedure (e.g.: [2]). As these measurements had some 
restrictions, further measurements were performed in tunnels with different cross sections (Figure 2). 
The measurements were performed at the tunnel research centre at Erzberg in Austria (ZaB) in 
September 2019. The measurement set-up is shown in Figure 1.  
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Figure 1: General overview of the measurement set up in ZaB 
 
For the standardized method according to VDI/VDE 2640 [1], a measurement grid with 25 pitot tubes 
(differential pressure measurement), was used. As alternative instrumentation, sensors based on 
ultrasonic sound measurements were employed. These sensors were installed in different arrangements 
within the tunnel cross sections.  
 
The ultrasonic measurement device comprises two sensors transmitting and receiving ultrasonic pulses. 
The system evaluates the transition times dependent on direction and calculates air speed. Two identical 
sensors alternately emit or receive ultrasonic pulses. If air flow is present along the measuring path the 
transition time is slightly different for both directions. This propagation delay is precisely determined 
and then transformed into measured values for air velocity, air flow rate, air flow direction and air 
temperature.  
 

   
Figure 2: Measurement set-up of the sensor grid in different tunnel cross sections 
 
 
One of the alternative methods used two ultrasonic measurement paths in a crosswise arrangement, one 
running from the bottom left to the top right and the other running from top left to bottom right (DD). 
The other one was based on two measurement paths, erected at a height of 1.5 m (MP1.5) and 4.2 m 
(MP4.2) above road level. The instruments used were DURAG D-FL220T air flow sensors with an 
uncertainty of +/- 0.2 m/s. The air flow was generated by a mobile jet fan. Speed control of the fan 
allowed for tunnel air speeds between natural flow and 5 m/s. 
 
Tunnel air speed varied between natural air flow (almost 0 m/s) and 4 m/s. The air speed was kept 
constant during the various tests. However, due to the external conditions (changing winds) at the 
portals, there was of course a certain variation of the speed during the individual tests. The measured 
air speeds were compared and the appropriate statistical analysis was performed. The measurement 
results for a rectangular cross section can be seen in Figure 3.  
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Figure 3: Measurement results for 4 different measurement arrangements in a rectangular tunnel 

cross section 
 
Table 1 contains the average velocity and the percentage difference, taking the 25 points measurement 
as reference.  
 
Table 1: Average velocity [m/s] for the tests and deviation [%] from the reference value 

Reference DD 4.2m 1.5m DD 4.2m 1.5m 
1.84 1.85 1.99 1.87 100.6% 108.0% 101.5% 
2.86 2.90 3.11 2.87 101.5% 108.7% 100.3% 
3.70 3.77 4.02 3.72 101.9% 108.6% 100.7% 
3.99 4.06 4.34 4.03 101.9% 108.8% 101.0% 

 
It can be seen that the agreement between the reference measurement (pitot tubes) and the DD 
arrangement and the measurement path at a height of about 1.5 m is very good. The deviations are less 
than 5%. Only the values for the measurement path at a height of 4.2 m are some 10% higher than the 
reference. The investigation thus reveals that the DD arrangement provides the best fit with the 
VDI/VDE 2640 standard procedure for air velocity measurement in tunnel cross sections. 
 
Due to operational considerations it is not feasible and, in most cases, not possible to install air velocity 
sensors at locations where they would correctly deliver the required average air velocity over the cross 
section. The so-called traffic envelope defines the region in a tunnel reserved for the operation of the 
traffic (road and rail), i.e. in such regions fixed installations of sensors are not allowed. This means that 
sensors are often installed at locations which are not ideally suitable for detection of the required 
average air speed. Hence, for all these installations, on-site adjustment (calibration) is required. The 
following section shows how, under difficult or complex tunnel conditions, such fixed measurement 
devices may be calibrated. 
 
 
SYSTEM TEST IN A COMPLEX TUNNEL 
 
System tests for a complex road tunnel are now described below, taking the Kaisermühlen tunnel in 
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Vienna, Austria as an example. The tunnel Kaisermuehlen is a highway tunnel subject to heavy traffic, 
and is located in the city of Vienna. Traffic amounts to 115‘000 vehicles a day on average. Various slip 
roads to surface roads, as well as integrated collector tunnels, make the tunnel a complicated 
underground structure with a very complex aerodynamic system (Figure 4). The overall length is 2.2 
km and traffic operate unidirectionally.  
 

  
 
Figure 4: Tunnel Kaisermuehlen - ventilation system (left) and fire detection zones (right) 
 
The tunnel was refurbished, with no interruption to traffic, in the years 2015 to 2018. There are 14 jet 
fans, each of 75 kW and 2025 N thrust, and 6 jet fans, each of 75 kW and 1700 N thrust, installed in the 
eastbound tube. Air velocity is determined at 7 measuring locations and 14 fire detection zones. The 
westbound lane is divided into 13 fire zones. Here, there are 12 jet fans of 75 kW and 2025 N thrust, 
and 8 jet fans of 75 kW and 1700 N thrust. Air velocity is determined at 5 measuring locations. 
 
To evaluate the installed measurement device for air velocity and to test the control algorithm for several 
fire scenarios, the tunnel tube has to be closed to traffic. This was only possible during the night (from 
00:00 to 04:00), and only for intervals of some 15 to 20 minutes. Given such conditions, the 
measurement procedures and principles had to be quite sophisticated.  
 
Reference measurement at the measuring locations 
 
The permanently installed air velocity measurement system (ultrasonic path-averaged) is mounted at a 
height of about 5 m in the tunnel tube so that the passing vehicles do not disturb the ultrasonic beam. 
At this location, the measured value is definitely not representative of the required cross-section average 
value. On-site calibration is important in order to derive the correct value for ventilation control. 
Correction factors are derived from the calibration measurements and then implemented in the data 
processing algorithm.  
The numerical adjustment is carried out using a polynomial function with 3 correction factors c0, c1 , 
c2. Thus, the corrected measuring signal at a measuring section ‘i’ is: 
 
 ui,korr = c0 + c1 ∙ ui + c2 ∙ sign(ui) ∙ ui2 equation 1) 
 
In an ideal case (without correction) the correction factors are c0 = 0, c1 = 1, c2 = 0. For each 
measurement section there are two sets of correction factors necessary, one for each flow direction. The 
corrected signal of the air flow measurement is then used for control of the tunnel ventilation.  
 
The circumstances did not allow for grid measurements to be made in accordance with VDI [1]. Hence, 
as an alternative method, a reference measurement based on the same measurement principle 
(ultrasonic) was made. The appropriateness of this parallel measurement was verified by the tests as 
described above (see Table 1).  
 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

471



  
Figure 5: Installation of reference measurement under traffic in main tube and in a closed exit 
 
In order to perform multiple calibration measurements within the same short, tunnel closure time, 
measurement devices were mounted simultaneously at four different locations. The existing jet fans 
were used to produce different air flows in both directions. The correction factors c0, c1, c2, were then 
derived and implemented from the data analysis. The results after correcting for one measuring section 
are shown in Figure 6. The measured raw data of the installed sensor are depicted in red, and those of 
the reference sensor are depicted in green, before (left) and after (right) adjustment.  
 

 
Figure 6: Result of a reference measurement before (left) and after (right) adjustment 
 
Achievement of the ventilation goals for incident mode 
 
In general, ventilation control in the case of a fire normally requires the achievement of a certain air 
velocity upstream of the fire and the expulsion of the smoke via the nearest possible location [3], [4]. 
The exact requirements are defined in the system specifications for the tunnel. For each fire zone, a 
predefined scenario is described on how to control ventilation. The scenario contains a priority table 
with respect to fan activation and air velocity sensor selection, as well as a description of the parameters 
of the software controller. Sometimes even two control cycles in the same tube are active at the same 
time. To derive the correct parametrization of the control algorithm, a tunnel ventilation simulator (a 
software model of the tunnel including the ventilation system, e.g. [6]) was used in advance and the 
calculated parameters for the PI controller were then tested and adjusted within the commissioning 
phase in several steps (using an iterative process) [7].  
 
Within the first step the fire zones were analysed with regard to their equivalence of control strategies 
and jet fan switching sequence. Table 2 shows the control strategies for the eastbound tube. The jet fans 
to be activated and the target velocities at the specified measuring sensor (LGXX) are stated for each 
fire zone (O1 to O14).  
 
Table 2: Table of parameters for eastbound tube (tube Kaisermuehlen) 
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The control algorithm for the fire mode was started manually for each fire detection zone and the 
characteristics of the controller and the achieved results in terms of air flow velocity were recorded. 
The step response was determined based on measurement of the air flow in the tunnel tube. This is 
shown in Figure 7. The gain factor Kp and the integral time Tn of the PID controller were derived from 
the measured parameters Tu and Tg.  
 

 
Figure 7: Determination of the step response and derivation of Kp and Tn 
 
After having determined the required parameters for the controllers, the control performance was tested. 
Figure 8 shows the ventilation scenario for fire zone O5 in the tube to Kaisermuehlen. It can be seen, 
that two PID controllers (R1 and R2) are used. The control parameter is given by the signal of the air 
speed measurement device nr.1. A second one (nr.2) is used for redundancy purposes only.  
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Figure 8: Fire scenario in O5 in the eastbound tube (tunnel Kaisermuehlen) 
 
The performance of the controller is seen as positive if the target velocity is reached within the given 
time limits and the correct fans and sensors were used. The necessity of having two controllers (R1 and 
R2) running at the same time in the same tube made the overall adjustment of the system quite 
complicated. 
 
In this particular case, different target speeds are required, one for the direction towards the fire and 
another one on the downstream side. Figure 9 shows the result of the simulation (on the left) and the 
performance of the control algorithm in real life (on the right). It can be seen that the use of the control 
parameters allows for suitable achievement of the ventilation goal.  

 
Figure 9: Simulation of ventilation control and test of the control performance in fire zone O5 
 
 
 
SYSTEM TESTS IN A METRO LINE 
 
Ventilation systems in metro lines are different to those of road or rail tunnels. In most cases, fire 
ventilation differs between station locations and intermediate locations. Another difference is found in 
the ventilation system itself. Ventilation is in most cases provided by separate fan stations and 
ventilation control is performed by applying a push-pull strategy, i.e. activation of supply and extraction 
fans at different fan stations.  
 
By way of example, the system tests performed on the Copenhagen metro line Cityringen are reported 
upon below. The Copenhagen metro system at present comprises of 3 lines (M1, M2, M3). Whereas 
the metro lines M1 and M2 became operational in 2002, the Cityringen metro line M3 started operation 
at the end of 2019. Work is currently being done on line M4 - the extension to Nordhavn and later 
Sydhavn. The Cityringen (red line in Figure 10) includes 17 stations and 3 caverns.  
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Figure 10 Scheme of the Copenhagen metro system in full expansion. 
 
The whole metro line is equipped with an emergency ventilation system. This comprises:  

• A Tunnel ventilation system (TVS) 
• A Station mechanical smoke ventilation system (SVS) 
• A Staircase Pressurization System (SPS) 

During normal operation, the ventilation of the tunnels is provided by the piston effect of the trains. 
Pressure relief shafts are in place at each station. These shafts take advantage of the train-induced 
pressure to enable air exchange between the tunnels and the atmosphere and serve to remove heat from 
the system. During periods of congestion and/or in emergency operation, the tunnel ventilation system 
provides longitudinal airflow in a pre-determined direction. At times of congestion, the TVS maintains 
tunnel temperatures and fans operate at reduced speed. During emergency operations, the TVS controls 
the movement of heat and smoke in order to allow for safe evacuation of passengers from tunnels and 
platforms and to ensure acceptable conditions for rescue staff. The tunnel ventilation fans are activated 
in a push-pull mode at full speed, in line with the predefined direction. The objective is to achieve 
critical velocity to prevent back-layering of the smoke. Evacuation takes place in the direction upstream 
of the fire. The station should remain free of smoke, as all smoke is to be extracted via the ventilation 
shafts located at the end of the tunnels (before entering the stations).  
 
For a “train at station” fire scenario, the tunnel ventilation fans extract smoke via the over track exhaust 
(OTE) damper openings at platform ceiling level. Fresh air enters the station via the street entrances, 
streaming down the stairs and escalators towards the platform area, providing a clear air path for 
passenger evacuation. At some stations, an additional mechanical smoke ventilation system (SVS) is 
provided. The station mechanical smoke ventilation system removes heat and smoke from the station 
public areas and provides for tenable conditions for the evacuation of passengers. The staircase 
pressurization system (SPS) keeps the escape roots free of smoke.  
 
Testing and Commissioning 
 
Tunnel air velocity measurements were performed in order to test and commission the tunnel ventilation 
system. Numerical flow simulations (1D and CFD) were carried out by a consulting office. These were 
designed to cover several ventilation situations. Client requirements requested the performance of air 
velocity measurements in all tunnel sections of line M3 with no trains, and measurements for at least 
ten different emergency ventilation modes with trains. It was determined that simultaneous 
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measurement with a minimum of 10 sensors evenly spaced across the tunnel cross section needed to be 
taken. During the development of detailed testing procedures, it emerged that alternative measurement 
methods could also be used.  
 
 

 
Figure 11 Air flow measurement with DURAG D-FL220T. 
 
In order to verify tunnel air velocity in the relevant tunnel section (Figure 11) a DURAG D-FL220T 
was installed in the section between two stations some 100 m inside the tunnel. The sensors were fixed 
on the tunnel wall. Monitoring was also required in the adjacent tunnel sections at the same time. The 
measurement set-up is shown in Figure 12. Identical air velocity monitors were used at all locations. 
This set-up made it possible to estimate the leakages in the stations by subtracting the volume flow of 
both sections from the volume flow provided by the fan (in general 100 m³/s).  
 

 
 

Figure 12: Stations push-pull ventilation scheme 
 
Measurement of air velocity in emergency operation 
The measurement set-up for one event (CF_06A_NT) is shown in Figure 13. In the case of a train fire 
on track 1 between station Kongens Nytorv (KGN) and Mamorkirken (MMK) the tunnel ventilation 
system provides longitudinal airflow on track 1 in the direction of MMK. For this purpose, the fan in 
KGN is operated in push mode with an opened tunnel ventilation damper TVD-T1 to track 1 and the 
fan in MMK is operated in pull mode, again with an opened tunnel ventilation damper TVD-T1. Both 
fans are able to provide a volume flow of about 100 m³/s.  
 
While part of the pushed volume flow in KGN goes into track 1 towards station Gammel Strand (GLS), 
the larger share goes towards MMK. The relation of the volume flows depends on the prevailing 
resistance of the aerodynamic system. Advance calculations revealed that 71 m³/s is expected to flow 
towards MMK. It was this estimate that needed to be verified by measurement.  
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Figure 13: Sketch of measurement set-up (air velocity without train in emergency operation) 
 

 
Figure 14: Air flow measurement (air velocity without train in emergency operation) 
 
Figure 14 shows the measured air velocity for the three stretches. Table 3 shows the test criteria and the 
measurement results for the case. It can be seen that the target value was achieved within the acceptance 
limit, i.e. within the range of +/- 10%.  
 
Table 3: Table of measurement results for case CF_06A_NT 

Case Point of  
measurement 

Airflow 
[m³/s] 

Air velocity 
[m/s] 

Deviation 
[%] 

Target value of 
CF_06A_NT 

Tunnel KGN-MMK 
Track 1 71.0 4.3 +/- 10% 

MP2 Tunnel KGN-MMK 
Track 1 64.2 3.9 -10% 

MP3 Tunnel GLS-KGN 
Track 1 41.0 2.4  

MP1 Tunnel MMK-KK 
Track 1 31.7 1.9  

 

MP1 MP3 MP2 
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DISCUSSION AND CONCLUSION 
 
It is common practice to define clear ventilation targets for incidents in tunnels. While it is 
comparatively easy to fulfil these targets in simple tunnels, this is not the case for complex subsurface 
structures with multiple portals. The application of software-based closed loop control mechanisms is 
state of the art in achieving such goals. However, complex tunnels require complex control strategies.  
 
Hence, it is of the utmost importance not only to correctly define the input parameters for the controller 
but also to gain accurate measurements of the air velocities inside the tunnel. Although software tools 
allow for a simulation of the airflow in the tunnel based on predefined scenarios the real behaviour of 
the air in the tunnel and the interactions between fans, air movement and air velocity must ultimately 
be determined on-site. This not only requires time for sufficient testing during system implementation, 
it also requires recurrent systems tests as soon as a tunnel is in operation.  
 
The examples discussed above deal with the problems arising when testing/commissioning complex 
tunnel systems. Simultaneous measurements of air velocity have to be performed within the tunnel 
system in order to get a clear picture of the aerodynamic behaviour within the tunnel system. In order 
to adjust the ventilation control algorithm an iterative process of testing, adjusting the control 
parameters and re-testing is required. These tests must cover all possible fire scenarios throughout the 
tunnel. 
 
As the signal of the air velocity measurement is the decisive parameter for ventilation control and 
correct operation, the correct measurement of this parameter has to be granted. The standardized method 
for achieving the required value – an averaged value over the cross section – cannot be implemented in 
tunnels under operation. Hence an on-site calibration of the installed measurement equipment is 
required. The experiments presented in this paper demonstrate, that methods alternative to the 
VDI/VDE procedures (multiple point grid measurements) are capable to deliver the same results at 
acceptable accuracy with less effort in time and equipment.  
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ABSTRACT 
 
A new approach for investigating the influence of seasonal temperature on the flow situation in metro 
stations – by using flow measurements and 1D simulations – is presented. Since the results of this 
investigation are used to determine the theoretically worst case conditions for 3D fire simulations, this 
approach neither claims to be integral nor completely accurate. Nevertheless, it can help to analyse 
flow situations in large-scale complexes, such as metro stations, where limited means and 
disproportional effort prevent large-scale measurement campaigns from being conducted. 
Measurements in different seasons confirm that the 1D results are in good agreement with reality, 
within the standard deviation of the measurements. 
 
KEYWORDS: temperature sensivity analysis, fire simulations, moving meshes 
 
ABBREVIATIONS 
 
𝑝𝑝   Pressure [Pa] 
𝜌𝜌   Density [kg m-3] 
𝑅𝑅   Gas Constant for Dry Air [J kg-1K-1] 
𝑇𝑇   Temperature [°C] 
𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑   Dynamic Pressure [Pa] 
|∆𝑝𝑝|   Absolute Pressure Difference [Pa] 
𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌   Pressure Difference with Respect to Height [Pa] 
𝑣𝑣   Velocity [m s-1] 
𝜁𝜁   Pressure Loss Coefficient [-] 
 
INTRODUCTION 
 
Most of today’s metro lines were built 40 or more years ago, when the rising need for transportation 
in large cities became more and more important. Many of the metro stations built from the early 
1970s onwards, are still in operation, but were built according to the safety requirements from that 
time. This is the case for several small metro complexes, as well as for one of the biggest metro 
complexes in Germany.  
 
Since fire safety requirements have become much more relevant and stricter, some critical stations 
require modernizing, and quickly. Metro operators have to ensure that existing stations are upgraded 
to meet these safety standards, but also that the design of new metro stations meets with the current 
safety requirements. Such safety requirements include fire safety measures, evacuation concepts in 
case of emergency, and health protection measures.  
 
With computational progress having become more efficicient in the last two decades, it is now 
possible to simulate fires in big buildings like metro stations. This enables computational 
investigations to be carried out, to determine whether or not planned evacuation concepts and fire 
safety measures (e.g. smoke extraction systems, and smoke screens) fulfil the safety requirements in 
case of fire. 
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This paper presents a generalised approach for showing the flow situation and, in case of fire, the 
smoke situation in a metro station. Flow measurements, 1D flow simulations and 3D flow and fire 
simulations are used to analyse the current situation in the metro stations and, if necessary, in a further 
step, to propose cost-effective measures for the fulfilment of safety requirements. 
 
METHODOLOGY 
 
The first step for analysing the current flow situation in a certain metro station is to perform detailed 
flow measurements in this station. These flow measurements have to cover all relevant flow paths 
within the station, from the tunnel tubes to the mezzanines, and to the outside of the station. These 
very detailed flow measurement campaigns are performed over several hours of metro operation. 
Therefore, changing regimes of operation can be measured, e.g. both peak and off-peak operating 
periods, and periods of no operation. Measurement campaigns for the individual stations are generally 
conducted in summer, or in the winter half of the year. Ideally two measurement campaigns are 
conducted, one in summer and one in winter. 
 
Measurement devices 
 
The measurement devices are generally installed on tripods, which can be placed anywhere in the 
metro stations, and are fixed on the sideways in the tunnels to prevent them from falling over while 
trains are operating. For measuring wind speed, heat-wire anemometers, impeller anemometers and 
ultrasonic wind anemometers are installed on tripods (Figure 1, Figure 2). The measuring sensors are 
placed at a defined height of 1.0 m and 1.5 m respectively. 
 

 
Figure 1 Schematic presentation of measurement tripod with ultrasonic anemometer 
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Figure 2 Schematic presentation of measurement tripod with heat-wire anemometer and impeller 

anemometer 
 
Before the measurement campaign starts, the positioning of the measurement devices has to be 
determined (Figure 3, Figure 4). In general, the measurement devices are placed inside each tunnel 
and within the mezzanines, in the most important cross passages. These are defined as areas where air 
mass flow can enter or leave the station. Additionally, some portable measurement devices are used to 
measure the platform flow situation, or to cross check flow velocities in the connecting walkways 
between the station platform and the mezzanine levels.  
 
All measurement devices are operated in parallel during the whole measurement campaign. To 
account for the fast-changing velocities in the tunnels during different periods of operation and train 
movement, the measurement devices log the velocity data with a sample rate of 1 Hz. Furthermore, 
temperature and pressure are recorded as average values, since they do not significantly vary over 
time. 
 

 
Figure 3 Positioning of devices in the tunnels, and flow measurement results during periods of no 

operation 
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Figure 4 Positioning of measurement devices in the mezzanines 
 
Evaluation of measurement data 
 
After completion of the measurement campaign, the measurement data is evaluated in several ways. 
The pressure and temperature measurements are used as boundary conditions for later Computational 
Fluid Dynamics (CFD) simulations. This data is then time averaged solely for a certain period and no 
further evaluation is made. 
 
Detailed analysis is performed for the flow measurements, which are the basis for all subsequent 1D 
and 3D simu 
lations. These measurements are evaluated for the entire operating period, including peak and off-
peak operation, and during periods of no operation. For each measurement point in the tunnels and 
mezzanines, the measurement data is evaluated separately. Special attention is given to the velocity 
magnitude, as well as to the flow direction. Figure 5 shows an example overview of the measurements 
in the tunnel for all the different operating periods. 

 
Figure 5 Measured flow velocities for different operation periods 
 
The peak and off-peak operating periods are later used to validate 3D simulations with moving 
meshes. The period of no operation is used as the basis for the environmental conditions of the 1D and 
3D simulations. More precisely, they are used to calibrate the 1D simulations, and as boundary 
conditions for the validation of train movements in the 3D simulations. Figure 6 shows the measured 
air velocity magnitude when trains pass the measurement device in the tunnel tube on track 1. Since 
the three tracks merge at this station, the measurements from trains which enter the station at different 
times are superposed. Therefore, the velocity decreases for a short period of time, before the train 
passes on track 1 (rides on track 2and/or 3). The largest velocity magnitude peak occurs when a train 
enters or leaves the station on track 1.  
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Figure 6 Detailed evaluation of train operation during the off-peak operating period 
 
For the following 1D simulations, the averaged velocities, measured from each probe during the 
period of no operation, are used to calibrate the 1D model. In this case, for Probe TS 1, shown in 
Figure 7, the velocity magnitude is 0.5 m/s and the flow direction is always positive, pointing in the 
direction of the station. The average temperature in the tunnel is 21.9 °C.  
 
An overview of the tunnel measurements for the period of no operation is given in Figure 3, which 
summarises the average velocities and temperatures. The same procedure is repeated for the 
measurements in the mezzanines. Together, all measurements form a bigger picture of the flow 
situation in the particular metro station, for a particular day. 
 

 
Figure 7 Flow analysis for period of no operation. During this time, the velocity in the tunnels is 

characterised by thermally-driven flow in the metro network. 
 
1D Simulations 
 
The following 1D simulations have been conducted with ILF’s in-house software NUMSTA3, which 
can model transient/intransient flow under compressible conditions. ILF uses NUMSTA3 for a 
number of international tunnel and metro projects [2 - 13], and has validated the software using 
ThermoTun and SES [14, 20], as well as during several case studies [14-26]. NUMSTA3 can handle 
the following numerics: 

• Compressible and transient Euler equations 
• Source terms such as mass, momentum and energy 
• Empirical coefficients for standard scenarios 
• Finite volume approach "flux difference splitting scheme" 
• 1D-discretisation of complex tunnel systems 
• Calculation of concentrations / convection 
• Train movements and fires 

 
Since measurements are conducted on a single day, with prevailing ambient conditions, the 
measurement campaign only gives a snapshot of the flow situation on that particular day. The 
question is therefore: How does the flow situation change under different ambient conditions? As 
measurement campaigns cannot be conducted continuously during the year, which would be 
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desirable, the 1D simulations are used as a workaround to account for the influence of changing 
ambient conditions. 
 
First, a realistic 1D model has to be designed, with detailed dimensions for each part of the station. 
Additionally, since the entire metro network cannot be modelled, the neighbouring stations are also 
modelled, to ensure that the influence of these stations is included in the 1D model (see Figure 8). To 
accurately assess the thermally-driven buoyancy flows, which arise mainly from temperature 
differences between the ground and the platform level, it is important that the correct height of the 
ground level and the correct depth of the stations are used in the model. 
 

 
Figure 8 Overview of 1D model with metro station and neighboring stations 
 
Despite the detailed measurements, assumptions, which are a compromise between available 
possibilities, have to be made. Since there is no measurement data for the neighboring stations, a 
constant density is assumed in the 1D model. This density can be calculated according to the 
measured temperature 𝑇𝑇, the gas constant for dry air 𝑅𝑅 and pressure 𝑝𝑝 at the tunnel level, after 
rearranging the following ideal gas law with respect to density 𝜌𝜌. 

𝑝𝑝 =  𝜌𝜌 𝑅𝑅 𝑇𝑇      (1) 
Secondly, a constant tunnel temperature is assumed. Therefore, pressure in the tunnels is also assumed 
to be constant. The surface temperature is then varied, yielding different surface pressures. The 
pressure difference |∆𝑝𝑝| − 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 between the tunnel and surface pressure is assumed to be the 
dynamic pressure 𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑, with 𝑣𝑣 the velocity and 𝜁𝜁 the pressure loss coefficient. 

𝑝𝑝𝑑𝑑𝑑𝑑𝑑𝑑 = |∆𝑝𝑝| − 𝜌𝜌𝜌𝜌𝜌𝜌𝜌𝜌 = 𝜌𝜌
2

 𝑣𝑣2 𝜁𝜁     (2) 
Rearranging equation 2 with respect to velocity, yields the thermally-driven flow between the 
underground and surface level. The next step is to calibrate the 1D model in such a way that the 
results match the measurements. Temperature, pressure and density, according to the measurements, 
are used as initial conditions. Then the model is calibrated by iteratively varying the pressure loss 
coefficients of the main model components, like tunnel-station intersections or platform-mezzanine 
staricases. 
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Table 1 below shows the results of the 1D simulations for different simulated surface temperatures, 
and the corresponding tunnel velocities at the measurement probes. The surface temperatures are 
varied in 5°C steps. The light red lines represent the local climatology and are assumed to be a “cold 
winter day” and a “hot summer day”. The blue coloured line shows the simulation results, as well as 
the measurement results, with the standard deviations in bold. All the simulated velocities are below 
1 m/s, with the very lowest simulated velocity being below 0,5 m/s, which is in good agreement with 
the measurements. 
 
Table 1 1D simulation results of thermally-driven flow at varying surface temperatures. In red, 

the simulation results from a summer and a winter day. In blue, the simulation results 
from the measurement day. The results of the measurements are in bold. 

1D SIMULATION RESULTS 

Temperature 
Measurement Probes South Measurement Probes North 
TS1 [m/s] TS5 [m/s] TS3 [m/s] TS2 [m/s] TS4 [m/s] 

-20 °C 0.8 0.8 0.4 0.4 0.5 
-15 °C 0.8 0.7 0.4 0.3 0.4 
-10 °C 0.7 0.6 0.3 0.3 0.4 
-5 °C 0.6 0.5 0.3 0.2 0.3 
0 °C 0.5 0.4 0.2 0.1 0.2 
5 °C 0.4 0.4 0.1 0.1 0.1 

10 °C 0.4 0.3 -0.2 -0.1 -0.2 

18 °C 0.3 
0.4±0.1 

0.2 
0.3±0.1 

-0.3 
-0.3±0.1 

-0.2 
-0.2±0.1 

-0.3 
-0.2±0.1 

20 °C 0.3 0.2 -0.3 -0.2 -0.3 
25 °C 0.2 0.1 -0.2 -0.3 -0.2 

 
Figure 9 below shows a comparison between the analytically derived flow velocities and the 1D 
simulation results for the measurements from probe TS1. As it can be seen, when the right pressure 
loss coefficient is chosen, the simulated velocities follow the course of the analytically derived flow 
velocities. The discrepancy between the 1D simulations and the manually calculated values arises 
mainly from the complexity of the model itself and from interacting flows within the model. In 
general, it is not always possible to exactly match the results of the measurements, but within the 
standard deviation of the measurements, the 1D simulation results match the measurements very 
closely. 
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Figure 9 Analytically derived flow velocities compared with 1D simulation results from Table 1 
 
3D Simulations 
 
The following 3D simulations have been conducted with the software Star-CCM+, which is designed 
for industrial applications [1]. The software has been widely validated and is currently used in many 
projects worldwide. 
 
Based on the 1D sensivity analysis, a theoretical worst case scenario is chosen, which represents the 
most critical flow conditions in terms of smoke propagation in case of fire. Using detailed plans of the 
metro stations, a 3D model of the station is created. For the 3D simulation, only the affected station 
(without the neighbouring stations) is modelled, due to limited computational capacity. 
 
Figure 10 shows the 3D model which corresponds to the 1D model in Figure 8. In the 3D model, only 
the station itself and the tunnels connecting to the neighbouring stations are included.  
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Figure 10 3D model of a metro station  
As is the case for the 1D model, the 3D model also has to be validated with the measurements. If this 
is done, then the 3D model can be used for further stationary and non-stationary simulations. A 
stationary 3D simulation without fire and trains is conducted for the data obtained from the 1D 
simulations for the critical day (either a summer or winter day). 

 
Figure 11 Stationary 3D flow simulation result, serving as initial conditions for 3D fire simulations 
 
Stationary 3D simulations are iteratively performed until the 1D simulation result is matched for the 
critical day (see Figure 11). The stationary 3D result serves as the pressure boundary for later fire 
simulations with moving meshes. The 3D model has to be calibrated to consider the influence of 
moving trains and their influence on velocity in different parts of the station. This is achieved by 
comparing 3D simulation results and measurements from the off-peak operating period. 
 
The following two figures show the 3D velocity simulation results of a moving train entering the 
station. Figure 12 shows the 3D velocity for the tunnel measurement position TS3 (see Figure 3), 
while Figure 13 shows the velocity for the position S3 (Figure 4). 
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Figure 12 3D simulation and measurement results of train movement as the train enters the station. 

The measurements were taken in a tunnel. 
 

 
Figure 13 3D simulation and measurement results of train movementas the train enters the station. 

The measurements were taken in a mezzanine. 
 
For both positions, the modelled velocity is in good agreement with the measurements. The passing 
train in Figure 12 is realistically captured, as the flow direction changes when the head of the train 
passes. The magnitude of the flow is also modelled correctly, although a weak overestimation of the 
measured velocities is visible. 
 
The measurements, however, strongly differ from each other. The impact of the incoming train is 
weaker on the mezzanine level, as surface effects interfere with the train motions here. This issue can 
be seen in the different measurements in Figure 13. Nevertheless, the magnitude and direction of the 
3D simulation is modelled correctly in relation to the measurements.  
 
By checking the 3D model against the thermally-driven flow velocities obtained from the 
measurements, and then against the 1D critical day results and measured train velocities, using 
moving meshes, the 3D model is validated and ready to be used for 3D fire simulations with moving 
trains. 
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An example of a train fire is given as a ground view in Figure 14. The upper train is the burning train, 
and the fire is located on the left in the figure. The second train is just starting to enter the station, 
causing the layered smoke to swirl. 
 

 
Figure 14 3D fire simulation with moving train (red arrow), using a worst case scenario obtained 

by 1D sensivity analysis 
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DISCUSSION AND CONCLUSION 
 
The “recipe” presented in this paper is a new approach for investigating the influence of surface 
temperatures on the thermally-driven flow in metro complexes. Since different ambient conditions can 
clearly affect the flow situation in metro stations, this issue is of great interest for fire simulations. 
However, as it is not possible to perform continuous flow measurements, a different approach has to 
be used. Using a 1D model to model a large spatial domain and, at the same time to simulate temporal 
temperature variations, is advantageous because of the significantly lower computational effort 
involved in comparison to 3D simulations. The assumption that density and tunnel pressure remain 
constant is necessary, otherwise the overall approach becomes too complex.  
 
Considering density as constant is a good approximation of reality, since it does not vary much within 
several tens of meters. However, treating tunnel pressure as constant, is the result of the lack of 
measurements which would be needed from the neighbouring stations. In reality, for a spatially-
limited metro network, horizontal pressure gradients can be neglected as a good approximation. The 
vertical temperature distribution is furthermore the only driver for flows from the surface through the 
stations and the horizontal flows between the stations. 
 
The general simplification of the 1D model can also not fulfil the complexity of the real metro station. 
Therefore, characteristically small-scale secondary flows will neither be covered in part or in full. 
 
Since the final results which are obtained from this approach are realistic worst case background flow 
conditions for fire simulations, the 1D and 3D simulated flow velocities make no claim to represent 
any measurements made in reality. Nevertheless, the basis of the 1D and 3D model are deterministic 
equations of physics. Thus, by using this approach, the main driver of flow, which in this approach 
was the varying outside temperature, can be investigated. 
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ABSTRACT 
Road tunnels require maintenance which might be achieved by closing one bore in the evening and 
operating the remaining bore in contra-flow. This introduces further design and operational 
considerations for the tunnel safety systems, which include tunnel ventilation. The major challenges 
occur for longitudinal ventilation systems in case of contra-flow traffic, particularly in cases where 
there may also be congestion, may expose more tunnel users to smoke if there is a vehicle fire. 
 
Smoke and evacuation analysis considered a fire incident during contraflow traffic inside a 
representative tunnel with a longitudinal ventilation system that consisted of fixed-speed jet fans. The 
analysis focused on providing the best practicable outcome for the safe evacuation of tunnel users. 
Based on these analyses it was predicted that not operating the ventilation system during a fire 
incident during contraflow provided the best outcome for evacuation of tunnel users. There would be 
the potential that, once evacuation has taken place and during intervention by the fire rescue services 
(FRS), the FRS would request the ventilation system to operate at maximum capacity pushing smoke 
towards the nearest tunnel portal to support the FRS to conduct a search and rescue as well as attempt 
to tackle the fire if assessed safe to do so. 
 
INTRODUCTION 
Periods of contra-flow traffic for tunnels designed solely with longitudinal ventilation can cause 
challenges for passenger safety. There may be traffic stopped on either side of the fire so no matter 
which direction the ventilation is operated evacuating tunnel users might be subject to smoke. There 
are examples of road tunnel ventilation systems that, instead of trying to create longitudinal flow, 
create low or null flow through the use of a feedback system which aims to minimise the spread and 
destratification of smoke for the duration that it would take tunnel users to reach a place of relative 
safety[1]. The challenge with such systems is that pressure differences between tunnel portals, 
typically caused by wind, can also induce longitudinal ventilation even if the fans are switched off. 
This has been mitigated in some road tunnels by adopting a feedback control system that controls the 
fan numbers of speed to result in a close to null flow. For an existing tunnel upgrading any existing 
fans and control system can be challenging. Therefore options to utilise a notional existing 
longitudinal ventilation system in other ways is considered.  
 
The focus of this paper is to explore the performance of a controlled velocity approach applied to an 
existing tunnel with a longitudinal ventilation system. The approach explored is limiting the air speed 
in the tunnel to less than 1 m/s to maintain the stratification of smoke and thus improve tenability 
during the self-evacuation phase of any incident.   
 
METHODOLOGY 
A notional two lane twin bore tunnel around 2 km long was adopted. Escape cross passages were 
modelled between bores and spaced 100m apart. Figure 1 shows the chosen tunnel cross section used 
for this study. 
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Figure 1 – Modelled tunnel cross section. 
 
Based on experience with similar tunnels, a tunnel ventilation system was modelled which consisted 
of 20 single-speed jet fans per bore which were distributed equally at the tunnel portals in pairs. Each 
jet fan was modelled to provide 800N thrust. The installation was assumed to resulted in a momentum 
transfer effectiveness of 70%. Few tunnels are completely flat so for this example a tunnel low point 
was located at approximately 0+420m and a highpoint at approximately 1+450m. The first cross 
passage was located 100m into the tunnel. Figure 2 shows the vertical profile and cross passage 
locations through the modelled tunnel. 
 

 
Figure 2 – Modelled tunnel vertical profile 
 
A controlled velocity approach was considered where a velocity of less than 1 m/s was sought for. Jet 
fans were used to achieve this, but rather than use variable speed jet fans, staged jet fans were 
adopted. Staged jet fans would remove the need to retrofit the tunnel with variable speed drives. This 
paper considered the number of jet fans operating operating at 0%, 50% and 100% of the total 
installed quantity. The jet fans furthest from the fire incident were used to reduce the risk of 
destratifying the smoke layer. The tunnel was split into three sections, South, Centre and North with a 
100 MW fire considered in each section. For the two end sections the ventilation system pushed 
smoke to the nearest tunnel portal with the aim of exposing the least number of tunnel users to smoke. 
For the centre section, the ventilation system pushed smoke against the tunnel grade in order to limit 
the uphill spread of smoke along the tunnel. 
 
The main objective of the ventilation was the formation of a smoke layer below which passengers 
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may escape. This is predominantly a three-dimensional problem and requires detailed modelling of 
the region close to the fire. However, three-dimensional analysis is computationally expensive and 
can be time consuming. It is therefore advantageous to limit the CFD domain to capture essential 
features pertinent to the fire and evacuation only. To enable this approach, boundary conditions are 
needed that account for effects of features outside the domain. To achieve this the tunnel ventilation 
system was modelled using 1-D method which provided boundary conditions to a CFD model. 1-D 
simulations were conducted using Subway Ventilation Simulation (SVS). SVS is a validated software 
capable of modelling one-dimensional air flows within tunnel networks. SVS allows the incorporation 
of tunnel and vehicle geometries, fires, mechanical ventilation and the affects that elevated 
temperatures have on mechanical ventilation due to hot smoke. The SVS model represented different 
jet fan operating quantities. 
 
CFD analysis was conducted using Fire Dynamics Simulator with Evacuation (FDS+EVAC) 
simulation software which allows simultaneous modelling of the fire scenario and evacuation 
processes. FDS is widely used in industry for smoke and heat transfer modelling involving hot 
plumes. Details of the validation of the software can be found in FDS technical Reference Guide 
Volume 3: Validation [2]. The mesh cell dimension of 0.5m x 0.5m x 0.25m was adopted. A mesh 
sensitivity simulation with a uniform mesh size of 0.25m x 0.25m x 0.25m was produced to ensure 
that results were mesh independent. The mesh sensitivity simulations concluded that a uniform cell 
size of 0.5m x 0.5m x 0.25m hexahedral multi-block approach was a reasonable cell size. The cell size 
was also checked to meet the technical guidance of FDS for simulations involving buoyant plumes by 
having multiple cells span the characteristic fire diameter given by Eq. (1): 

        𝑫𝑫∗ = � �̇�𝑸
𝝆𝝆∞𝑪𝑪𝒑𝒑𝑻𝑻∞�𝒈𝒈

�
𝟐𝟐
𝟓𝟓
                                                                   (1) 

 
Where:  
D* is a characteristic fire diameter. 
�̇�𝑸 is the total heat release rate of the fire. 
𝝆𝝆∞ is the ambient density of air. 
𝑪𝑪𝒑𝒑 is the specific heat capacity of air. 
𝑻𝑻∞ is the ambient or surrounding gas temperature. 
𝒈𝒈 is the acceleration due to gravity. 

The South model consisted of 3.1 million cells and analysed the tunnel section from approximately 
0+50m to 1+130m. The Central model consisted of 3.75 million cells and analysed the tunnel section 
from approximately 0+320m to 1+550m. The North model consisted of 3.6 million cells and analysed 
the tunnel section from approximately 0+810m to 1+870m. An isometric view of the smoke model is 
shown in Figure 3. 

 
Figure 3 – Isometric view of the example smoke model. 

A HGV fire incident was modelled inside the tunnel with stopped traffic made up of cars, vans and 
HGVs either side of the incident operating in contraflow. For each traffic direction drivers ahead of 
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the incident vehicle were assumed to be able to continue with their journey and therefore no stopped 
vehicles were modelled ahead of the incident in their lane.  

TENABILITY CRITERIA 

A tenable environment is one in which the products of combustion are limited to levels that permits 
self-evacuation of tunnel users. The ventilation system should provide a tenable environment along 
the evacuation route for the duration of self-evacuation of tunnel users. Assessment of tenability with 
respect to smoke propagation inside the tunnel was made by means of visibility and toxicity of smoke. 

The notional tunnel was in the UK and hence the main criteria to be adopted are taken from the 
Highways Agency’s BD 78/99 Design of Road Tunnels.  This standard does not provide any detailed 
guidance on how close to the fire tenability must be maintained. NFPA 502:2017 Standard for Road 
Tunnels, Bridges and Other limited Access Highways [3] indicates that the application of tenability 
criteria at the perimeter of the fire is not always practical. The zone of tenability should be defined to 
apply outside a boundary away from the perimeter of the fire. The perimeter distance will depend on 
the fire heat release rate and could be as much as 30m. For this paper, assessment of tenability was 
chosen to apply 30m away from the incident vehicle. BD 78/99 does not provide detailed guidance as 
to what constitutes a tenable environment. Simulations were therefore assessed against the following 
criteria which were developed using standards and codes of practice such as BS 7974 Application of 
fire safety engineering principles to the design of buildings, code of practice [4]: 

• Visibility such that walls, doors and light reflecting signage are precievable at a distance of 
at least 10m. 

• Air temperature of not more than 60°C at head height along the evacuation route. 
• A smoke layer temperature of not more than 200°C above the heads of tunnel users. 
• A radiant heat flux of less than 1.7 kW/m² at head height along the evacuation route. 

 

For cases that did not pass the tenability criterion it was considered insightful to understand the 
toxicity of the smoke. Toxicity was assessed based on the combined effect of the irritant species 
resulting from combustion. The Fractional Irritant Concentration index (FIC), developed by Purser 
[5], was used. FIC represents the irritant effect that depends upon the immediate concentrations of 
irritants experienced. The concentration for each irritant present is expressed as a fraction of the 
concentration that is likely to be severely irritant to cause incapacitation. Incapacitation, is defined as 
sublethal effects that would render persons of average susceptibility incapable of effecting their own 
escape. These are then summed to give a total FIC index that was monitored as part of this study. 
Table 1 lists common fire irritant species produced, and the individual concentrations likely to cause 
incapacitation in half the population referenced from BS7899-2 Code of practice for assessment of 
hazard to life and health from fire, table 3[6].  

Table 1 – Incapacitation concentrations of common irritant species from BS7899-2. 
Gas species HCl HBr HF SO2 NO2 C3H4O 

(acrolein) 
CH2O 
(formaldehyde) 

Concentration (ppm) 900 900 900 120 350 20 30 

The other important effect of combustion products is that a proportion of those inhaled can penetrate 
into the deep lung. If a sufficient dose is inhaled over a period, a lung inflammatory response can 
occur, usually some hours after exposure. The Fractional Lethal Dose index (FLD), also developed by 
Purser is a commonly used measure of when a lethal dose has been received due to exposure to 
combustion gases over a period. The dose for each irritant present is expressed as a fraction of the 30-
minute exposure dose that is likely to be lethal. These are then summed to give a total FLD index. 
Table 2 lists common fire irritant species produced, and the individual doses likely to be lethal in half 
the population referenced from BS7899-2 table 4[6]. 

Table 2 – Lethal exposure doses of common irritant species from BS 7899-2. 
Gas species HCl HBr HF SO2 NO2 C3H4O 

(acrolein) 
CH2O 
(formaldehyde) 
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Concentration 
(ppm∙min) 

114,000 114,000 87,000 12,000 1,900 4,500 22,500 

In parallel to sensory irritants, the effects of common asphyxiant fire gases were also considered. The 
dose for each asphyxiant is expressed as a fraction of the exposure doses that is likely to be lethal. 
These are summed together with the FLD of irritant species to give a total Fractional Effective Dose 
(FED) of all common gas product species. 

To have a predicted outcome that is said to of passed, both FED and FIC values should be below 0.3 
which corresponds to a lethal exposure dose for the 11% of tunnel users thought to be most 
vulnerable. Further details of how FDS calculates the FED and FIC concentrations can be found in the 
FDS User’s Guide[7].  

The criteria apply at head height which was taken to be 2.5m above the roadway level as is common 
for these applications of FDS and gives a margin to account for modelling uncertainty compared to 
using 2.0m which might be closer to actual head height. 

FIRE INPUT PARAMETERS 

An ultra-fast growth 100 MW peak heat release rate fire was considered and chosen to be 
representative of a HGV fire incident inside a tunnel with unrestricted traffic. The elements of the fuel 
were split into two contributors. The first represented the burning of the truck and its components and 
the second contributor was the cargo. Data was taken from the paper Emissions from an Automobile 
Fire[8] which investigated the emissions from an automobile fire using a full-scale simulated test. The 
combustion product yield rates measured from the test were scaled up to suit a peak heat release rate 
commensurate with a HGV fire on the assumption that the components between a car and a the truck 
are comparable. The truck was modelled to contribute 50% of the total peak heat release rate. The 
cargo was assumed to be an even mixture of PVC, Nylon textiles and Polyurethane. Data for the yield 
rates of combustion products of the different materials was taken from SFPE Handbook of Fire 
Protection Engineering 5th Edition[5].  

The fire was represented using a volumetric heat source with a prescribed heat release rate per unit 
area (HRRPUA). The peak HRRPUA was modelled to not exceed 1000 kW/m² for both the fast and 
ultra-fast growth fire incident. A peak HRRPUA of 1000 kW/m² was chosen as representative of a 
polymer-based HGV cargo fire and a liquid fuel pool fire.  

A stoichiometric combustion reaction equation was solved for the predefined fuel load to determine 
the inputs to be used in the FDS modelling. The parameters used for the simulations case are 
summarised in Table 3. 

 
Table 3 – Fire Properties 

Input Parameter Value 
Heat of Combustion 23.4 MJ/kg 

CO yield 0.0979 kg/kg 
Soot yield 0.0414 kg/kg 
NO2 yield 0 kg/kg 
HCN yield 0.0015 kg/kg 
HCl yield 0.1685 kg/kg 
SO2 yield 0.0017 kg/kg 

C3H4O yield 0.0001 kg/kg 
CH2O yield 0.0004 kg/kg 

NO yield 0.0019 kg/kg 
Radiative Fraction 35% 

SIMULATION DURATION 

Transient simulations were used, starting when the incident vehicle had stopped inside the tunnel and 
at the time the fire incident begins. The timeline against which the smoke modelling results need to be 
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assessed is based on the required safe egress time (RSET) for tunnel users. This is made up of the 
detection time of any fire detection system in the tunnel, a pre-movement time of road tunnel users 
followed by the time taken to self-evacuate through the tunnel to the nearest safe area which are the 
tunnel portals and non-incident bore. 
 
A fire detection time of one minute was assumed for a 100MW ultra-fast fire. Once road tunnel users 
have received the message to evacuate a further one and a half minutes was assumed before people 
begin to self-evacuate. During this time people may be helping family members for example or 
gathering small belongings, all of which contributes a delay before they begin to self-evacuate out of 
the incident tunnel. Tunnel users would then be required to leave their vehicles and self-evacuate 
towards the nearest cross passage or tunnel portal. This could be up to approximately 100m for which 
the evacuation time for road tunnel with good visibility would be expected to be three and a half 
minutes. This gives a time to evacuate from the start of a 100 MW fire of six minutes. Therefore, the 
simulation duration of 13 minutes was expected to be sufficient for assessing tenability conditions 
during any self-evacuation phase. 
 
The focus of this paper is on the ability to maintain conditions for the safe evacuation of tunnel users 
however it is prudent to also consider conditions for intervention of the fire rescue service. To give an 
assessment on conditions inside the tunnel during intervention, it was assumed that intervention by the 
fire rescue service would be from 30 minutes after the start of a fire incident inside the tunnel. 
Therefore, comment is given on the expected conditions inside the tunnel after 30 minutes based on 
the predicted smoke movement after 13 minutes. 

BOUNDARY CONDITIONS 

Tunnel wall and ambient temperatures 
The annual average outside temperature used for this modelling was 13.3 °C, which is a typical UK 
annual average temperature. However, the conclusions of the paper are unlikely to be impacted by the 
ambient temperature used. The tunnel walls were initialised at the outside ambient temperature. 
 
Wind conditions 
Outside wind forces in the context of this paper refers to naturally occurring air movement due to 
pressure differences, i.e. a meteorological phenomenon. Air movement caused by the movement of 
vehicles within the tunnel was ignored since for low speed, 40 mph, contraflow operation it was 
expected to decay quickly and thus not have a significant impact on the smoke movement.  

The smoke analysis was assessed against adverse wind conditions based on the work by 
Blendermann[9] to check whether prevailing wind forces caused an untenable environment in the 
tunnel during a fire incident. Sensitivity analysis on the wind direction concluded that adverse wind 
for contraflow in the context of this paper was to act in the same direction as the ventilation system. 
Wind acting with the ventilation system was predicted to spread the smoke through the tunnel further 
and caused it to destratify, making conditions more challenging for evacuation. 

External wind forces acting on the portals were estimated assuming a wind speed of approximately 
10.4 m/s acting in the direction of the tunnel which was assumed commensurate with 1% exceedance 
wind speeds. A portal coefficient (i.e. the percentage of the free-air wind forces that would prevail at 
the portal) of 0.46 was assumed which resulted in a stagnation pressure of 30 Pa that was applied to 
the tunnel portal. 
 
Velocity boundary 
The SVS ventilation model assumed an equivalent Darcy-Weisbach tunnel wall friction factor of 
0.048 to account for typical features and systems installed the example tunnel. The model assumed a 
jet fan momentum exchange coefficient of 0.7. The tunnel ventilation system was modelled as 
operating at 0%, 50% and 100% installed ventilation capacity. The jet fan ventilation system included 
two pairs of standby jet fans to ensure a robust system against one pair being destroyed by the fire and 
another unavailable due to maintenance. Ventilation capacity was changed by the number of jet fans 
operating at full performance rather than reducing the performance of jet fans via a variable speed 
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drive. When considering 50% operating capacity, 8 jet fans in the banks furthest from the fire incident 
were modelled to reduce the risk of fan derating. With 100% operating capacity, 16 jet fans were 
modelled in total distributed evenly as 8 at each portal. The 1D modelling predicted that this would 
result in tunnel bulk air speeds of 0.3 m/s, 0.5 m/s and 0.7 m/s after 13 minutes during a 100 MW 
ultra-fast fire, when accounting for meteorological forces and derating of jet fan performance from 
high air temperatures. 
 
Sensitivity cases that considered less traffic stopped in the tunnel and without external wind forces 
were not considered. If less traffic was inside the tunnel, then the hydraulic resistance would be less 
and the wind forces might have a greater impact. Conditions inside the tunnel may be more 
challenging for evacuation as a result however the impacts of operating the ventilation system was 
expected to be comparable and therefore would not change the outcome of this study. 
 
The SVS bulk air speeds were applied to the FDS model. Blockages were included in the FDS model 
to represent the banks of jet fans in the tunnel; however, no airflow was modelled coming out of the 
individual jet fans. The high velocities of the jet and the interaction with the surrounding environment 
can make the FDS simulations require long run times. This can become impracticable to run multiple 
conditions. The jet fans that would be in operation should be as far from the fire as possible and 
therefore it is not considered likely that this simplification will materially impact the outcome. The 1D 
SVS modelling was capable of predicting the derating of jet fan performance due to high temperatures 
which was captured in the smoke CFD modelling using the velocity boundary developed from the 1D 
simulation results. 

EVACUATION MODELLING PARAMETERS 

Evacuation modelling was used to determine the required safe egress time. This assumed an average  
vehicle occupancy of 1.5 passengers per car, van, HGV and 25 passengers per coach. The number of 
evacuees present was determined based on the type of vehicle and occupancy rates present in each 
case. The number and type of vehicles, occupancy rates and evacuees is shown in Table 4. The 
occupancy rates were based on the European Environmental Agency data with a slight uplift to 
account for any uncertainty, creating a more challenging scenario. 
 
Table 4 – Traffic Density 

Type Number Occupancy People 
Cars 46 1.5 69 
Vans 24 1.5 36 
HGV 7 1.5 11 
Coach 1 25 25 
Total 

  
141 

Age and gender are physiological parameters that influence evacuation walking speed. The walking 
speed of different age and gender groups can be statistically described with the normal distribution. 
The mean walking speed and the standard deviation describing the normal distribution per age and 
gender group is shown in Table 5. The mean walking speed of between 0.8 m/s and 1.35 m/s is 
commensurate with FDS’s average evacuation speed of people of reduced mobility and enabled 
persons respectively. The walking speeds used are the default values used by EVAC which are based 
on Helbin et al: Social force model for pedestrian dynamics (1995). 
 
The walking speed and location of each evacuee present in the model is randomly generated. 
Therefore, a Monte Carlo analysis was undertaken of the passenger evacuation to provide a 
statistically valid representation of the outcome of an evacuation during a fire event.  

 
Table 5 – Modelled tunnel user population 

FDS population Walking Speed 
Distribution 

Time 
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Type Number Mean Standard 
Dev 

Detection Reaction 

Child 25 0.9 m/s 0.3 m/s 60 seconds 90 seconds 
Elderly 24 0.8 m/s 0.3 m/s 60 seconds 90 seconds 
Male 45 1.35 m/s 0.2 m/s 60 seconds 90 seconds 
Female 46 1.15 m/s 0.2 m/s 60 seconds 90 seconds 

 
 

Two thirds of the evacuees were initialised on the driver’s side of the road and with one third 
initialised on the passenger side to represent a credible distribution of tunnels users. The EVAC 
modelling assumed tunnel users will evacuate in either direction along the tunnel but do not evacuate 
past the fire incident. Figure 4 shows a simple plan view sketch presenting the initial location of the 
tunnel users with respect to the fire incident location. 

 
Figure 4 – Plan view showing the initial location of the tunnel users with respect to the fire incident. 

 
Tunnel users were modelled as if familiar with the cross passages which was expected to represent a 
more realistic behavior. Sensitivity analysis which considered tunnel users unfamiliar with the cross 
passages predicted that all tunnel users to the right of the fire incident would evacuate towards the 
tunnel portal rather than to the cross passages. This was deemed be a less plausible scenario since 
tunnel systems such as tunnel signage at the cross passages would assist to direct them towards the 
nearest exit which may be a cross passage. 

SMOKE VENTILATION ANALYSIS RESULTS 

The results of the evacuation modelling were used to determine people’s locations within the tunnel. 
These predictions were combined with the predicted smoke movement to determine if people would 
be exposed to smoke and if so, what the impacts might be.  
 
Monitoring devices were set in the model to record temperature, radiant heat flux, FED, FIC and 
extinction coefficient (an index of visibility) along the assumed evacuation routes. Both the 
evacuation modelling and smoke analysis assumed the evacuation routes were the available spaces 
between the traffic vehicles and tunnel walls. To correspond with these locations, devices were placed 
longitudinally every 10m at a height of 2.5m along the evacuation routes.  
 
2D colour contours were produced every 30 seconds of simulation time through the model showing 
conditions at a height of 2.5m along the tunnel walkway adjacent to the fire incident. To not detract 
from the main outcomes of the analysis or overload this paper with content, 2D contours are presented 
only when tunnel users would be evacuating. This was 150 seconds after the fire began for the 100 
MW cases. Comment is given on the predicted conditions throughout the simulation duration which 
were used to determine the likely smoke movement and zone of untenability with respect to time. 
Predicted FIC was also determined visually using FIC information at head height. 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

500



 
A description of the results predicted are given in the following subsections with comment on the 
general trends can be seen in Table 6. 
 
Table 6 – Summary table of outcomes 

Case 
number 

Peak fire heat 
release rate, Fire 
growth curve 

Fire 
location 

Operating 
ventilation 
capacity 

Maximum 
evacuation time 
(seconds) 

Maximum 
FIC  

1 100 MW, ultra-fast South 0% 747 1 
2 100 MW, ultra-fast South 50% >780a 1 
3 100 MW, ultra-fast South 100% >780 a 1 
4 100 MW, ultra-fast Centre 0% 360 0.28 
5 100 MW, ultra-fast Centre 50% >780 a 1 
6 100 MW, ultra-fast Centre 100% >780 a 1 
7 100 MW, ultra-fast North 0% 354 0.15 
8 100 MW, ultra-fast North 50% >780 a 1 
9 100 MW, ultra-fast North 100% >780 a 1 

aEvacuation modelling predicted that not all tunnel users would have evacuated the incident tunnel by 
the end of the simulation, 13 minutes after the fire incident has begun. 
 
Temperature and heat flux 
Figure 5 and Figure 6 give the predicted temperatures and heat flux at the start of self-evacuation by 
tunnel users for the most challenging case. This was found to be Case 3 which considered a 100 MW 
ultra-fast fire at the south location with a tunnel bulk air velocity predicted when operating the 
ventilation system at 100% capacity. Higher temperatures and greater heat flux was predicted beyond 
the 30m perimeter than for the cases which considered the ventilation system operating at 50% and 
0%. It should also be noted that with 100% operating capacity there would be jet fans close to the fire 
incident operating. Close to any jet fan operating conditions were expected to be more challenging for 
evacuation that what is shown here however the conclusion that operating the ventilation system at 
100% capacity gave the most challenging case was expected to remain valid. Plots are shown for 
conditions along the tunnel walkway adjacent to the incident HGV which were found to be most 
challenging of all the evacuation routes. 
 

 
Figure 5 – Predicted temperatures for the most challenging scenario at T=150 seconds. 
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Figure 6 – Predicted heat flux for the most challenging scenario at T=150 seconds. 
 
Figure 5 indicates that peak temperatures above 60°C criteria were predicted inside the tunnel only 
when adjacent to the incident HGV vehicle. Therefore, provided tunnel users can evacuate towards 
the tunnel cross passages or tunnel portals in conditions for which the other tenability criteria are met,  
peak air temperatures experienced inside the tunnel are expected to remain acceptable for the safe 
evacuation of tunnel users. Similarly, Figure 6 indicates that a heat flux above 1.7 kW/m² was 
predicted inside the tunnel only adjacent to the incident HGV vehicle. From the evacuation modelling, 
assessment of the conditions as tunnel users self-evacuate concluded that temperature and heat flux 
experienced by tunnel users as they moved through the tunnel remained acceptable if the other 
criterion were also acceptable. Temperature and heat flux were found to not be governing criterion as 
is common for this type of analysis. 
 
FED and FIC 
Predicted Fractional Effective Dose and Fractional Irritancy Concentrations experienced by tunnel 
users were monitored as part of the tenability criteria which is one of the main hazards to tunnel users 
in areas of low visibility where smoke is present. 
 
It was predicted that FED would be below criteria in all cases. The maximum predicted FED 
experienced was 0.1 which corresponds to the lethal dose limit for the most vulnerable 1.1% of the 
population. Therefore, FED was found to not be a governing criterion and so is not commented on any 
further in this paper. The index found to be the governing criteria for assessing toxicity and the 
passing or failing of each case was FIC. FIC contours are presented in the following narrative.  
 
Impacts of operating the ventilation system 
South 
Coloured contours can be seen in Table 7 and Table 8 showing the predicted visibility and FIC at 
head height after 150 seconds for a 100MW ultra-fast growth fire at the south fire location.  
 
Table 7 – 2.5 m high Visibility contours for a 100MW ultra-fast growth fire at the South location at 

T=150 seconds. 
 Visibility (m) 
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Table 8 – 2.5 m high FIC contours for a 100MW ultra-fast growth fire at the South location at T=150 

seconds. 
 FIC 

 
 

 
0% 
Ventilation 
Capacity  
50% 
Ventilation 
Capacity  
100% 
Ventilation 
Capacity  

 

Comparing visibility and FIC plots, the zone of untenability at the point of self-evacuation was 
predicted to increase marginally by the operation of the ventilation system as smoke spread further in 
the tunnel and was destratified by the ventilation system. Critically, operating the ventilation system 
was predicted to destratify the smoke layer downstream of the fire much sooner, making conditions 
inside a larger section of the tunnel close to the incident vehicle less tenable before self-evacuation 
has begun. As a result, the maximum evacuation time was predicted to increase due to tunnel users 
close to the incident being exposed to greater quantities of smoke and thus moving more slowly. 
Evacuation modelling indicated that these tunnel users may not evacuate towards the nearest cross 
passage, but instead head straight for the tunnel portals which were much further away. This was 
deemed credible behaviour, since the drop-in visibility experienced by the tunnel users and stationary 
traffic could prevent them from identifying the cross-passage doors which altered the preferred 
evacuation route during the simulation. By remaining in the incident tunnel for longer they were 
predicted to be exposed to untenable conditions for longer as the fire continues to grow which resulted 
in FIC limits being exceeded for some tunnel users. A peak FIC value greater than 0.3 was observed 
during evacuation and therefore resulted in unacceptable conditions.  
 

Not all tunnel users were predicted to have evacuated from the incident tunnel by the end of the 
simulation, 13 minutes after the fire began. Therefore, operating the ventilation system was predicted 
to result in unacceptable conditions for evacuation. Smoke modelling results shown in this paper 
include an assumed adverse meteorological force which induced a tunnel air flow up to approximately 
0.4 m/s during a fire incident which was expected to have a similar impact. If this tunnel air speed 
could be reduced, then safer conditions might result. This would require changes to the ventilation 
system and the ventilation control system which is beyond the topic of this paper.  

Centre 
Coloured contours can be seen in Table 9 and Table 10 showing the predicted visibility and FIC at 
head height for a 100MW ultra-fast growth fire at the Centre fire location.  
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Table 9 – Visiblity contours for a 100MW ultra-fast growth fire at the Centre location. 
 Visibility (m) 
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Table 10 – FIC contours for a 100MW ultra-fast growth fire at the Centre location. 

 FIC 

 
 

 
0% 
Ventilation 
Capacity  
50% 
Ventilation 
Capacity  
100% 
Ventilation 
Capacity  

Visibility contours indicated that, like the South fire location, operating the ventilation system was 
predicted to destratify the smoke layer causing visibility to drop downstream of the fire prior to the 
end of the self-evacuation phase. This would present a risk to the safety of tunnel users closest to the 
fire. Maximum evacuation time was predicted to increase by 5 minutes to greater than 13 minutes 
when the ventilation system is operated. The drop of the smoke layer downstream of the fire by the 
ventilation system was predicted to be less significant for this fire location due to the tunnel gradient; 
however, as the fire grows, conditions remained comparable for the different ventilation scenarios 
with very little difference seen after 13 minutes. 

North 
Coloured contours can be seen in Table 11 and Table 12 showing the predicted visibility and FIC at 
head height for a 100MW ultra-fast growth fire at the North fire location.  
 
Table 11 – Visiblity contours for a 100MW ultra-fast growth fire at the North location. 

 Visibility (m) 
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Table 12 – FIC contours for a 100MW ultra-fast growth fire at the North location. 

 FIC 
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The same trends predicted between the other simulation cases were observed for these set of cases. 
Operating the ventilation was predicted to drop the smoke layer close to the fire incident, as 
demonstrated by the larger red and orange coloured contour observed 180 seconds after the fire 
incident has begun. Evacuation modelling predicted that not all tunnel users had evacuated from the 
incident tunnel by the end of the simulation, 13 minutes after the fire incident had begun.  

Further inspection of the evacuation modelling indicated that some tunnel users that experienced low 
visibility were predicted to evacuate towards the tunnel portals rather than the cross passages 
increasing the time they remained in what was increasingly hazardous conditions. FIC limits were 
consequently exceeded as the tunnel was predicted to contain greater quantities of smoke and 
therefore resulted in unacceptable conditions where tunnel users were predicted to still be evacuating. 

Conditions for intervention by the fire rescue service 
Results described in the section above concluded that the best outcome was achieved when the 
ventilation system was not operated during the self evacuation phase. Table 13 contains the visibility 
coloured contours at the very end of the 13 minute simulation for the 100MW ultra-fast fire at the 
South location. This information is useful to understand the situation for the fire and rescue services.  
 
 
 
 
 
Table 13 – Visiblity contours for a 100MW ultra-fast growth fire at the South location after 13 

minutes. 
 Visibility (m) 
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Thirteen minutes after the fire began the zone of untenability was predicted to span approximately 1 
km inside the tunnel if the ventilation system was not operated compared to approximately 700m and 
650m when the tunnel bulk velocity boundary condition from operating 50% and 100% capacity was 
applied to the model. For the case which considered 100% operating capacity, jet fans local to the fire 
would be operating and would have a impact on the smoke layer and conditions inside the tunnel local 
to any jet fan operating. This interaction was not captured in the model however by this time tunnel 
users are expected to have self-evacuated through to the non-incident tunnel via cross passages or out 
the tunnel portals and therefore this was not expected to be critical for the safety of tunnel users. 
Conditions downstream of the fire incident were predicted to be untenable local to jet fans without 
consideration of the local effects. Operationally this was expected to be similar to a typical 
unidirectional traffic emergency ventilation mode but pushing smoke to the nearest tunnel portal 
rather than in the direction of traffic travel. 

This would be significant to inform intervention by the fire rescue service as operating the ventilation 
system in the later stages was predicted to limit the zone of untenability inside the tunnel providing 
safer conditions for firefighters. During a fire incident the primary aim is preservation of life and 
therefore focus is to provide the best possible conditions inside the tunnel to allow safe evacuation of 
tunnel users. The smoke modelling predicted that conditions were best for evacuation if the 
ventilation was not operated and thus not operating the ventilation during contraflow would be 
recommended for this particular tunnel example.  

Conditions for intervention by the fire rescue service were inferred to be untenable throughout the 
whole tunnel during a 100 MW fire if the ventilation system was not operated. When operating the 
ventilation system at 100% capacity, conditions after 30 minutes were inferred to be untenable in the 
south half of the tunnel for a ventilation system moving smoke towards the southern portal.  

There is the potential that once evacuation has taken place and during intervention by the FRS that 
they would request the ventilation system to operate at maximum capacity pushing towards the 
nearest tunnel portal. This is to improve conditions as much as possible in the tunnel upstream of the 
fire to allow them to conduct a search and rescue as well as attempt to tackle the fire if assessed safe 
to do so. 

SUMMARY 

The smoke modelling results indicate that operating the ventilation system at 50% or 100% capacity 
during contraflow was predicted to shift the zone of untenability downstream relative to the fire 
location but has very little effect in reducing the zone of untenability during the time of self-
evacuation of tunnel users. The 1D modelling predicted that operating the ventilation system at 50% 
or 100% capacity would result in tunnel bulk air speeds of 0.5 m/s and 0.7 m/s after 13 minutes during 
a 100 MW ultra-fast fire, when accounting for meteorological forces and derating of jet fan 
performance from high air temperatures.   

The maximum predicted evacuation time typically corresponded to tunnel users closest to the fire 
incident who were predicted to be evacuating in regions of low visibility and subsequently have their 
evacuation speeds significantly reduced as a result. Modelling results indicated that these tunnel users 
were predicted for some cases to not evacuate towards the nearest cross passage but instead head 
straight for the tunnel portals which were much further away. This was deemed credible behaviour 
since the drop-in visibility experienced by the tunnel users and stationary traffic could prevent them 
from identifying the cross-passage doors which altered the preferred evacuation route during the 
simulation.  

It is considered likely that clear, directional signage and lighting would reduce the risk of such 
behaviour during a fire incident by serving to guide passengers to the nearest cross passage.  

The maximum predicted FIC experienced was also found to correspond to the tunnel user who took 
the longest time to evacuate from the model. In this time the fire heat release rate was growing and the 
zone of untenability extending further through the tunnel. Low level lighting in the tunnel, lit signage 
at cross passages and clear, concise messages addressed via a public address and voice alarm (PAVA) 
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system might reduce evacuation times even for tunnel users who are evacuating where smoke was 
predicted to be present.  

Exposure to smoke and low visibility was found to be the governing criteria as is common for this 
type of analysis. Only adjacent to the fire incident, where under common practice it would be 
impractical to maintain tenable conditions, were heat flux and temperature criteria predicted to be 
exceeded. Therefore requirements for heat flux and temperature were acceptable in all cases. FED 
experienced by all tunnel users was predicted to not exceed criteria in all cases. 

A further consequence of destratifying the smoke layer was that the maximum evacuation times were 
predicted to increase for the cases where the ventilation system was operating. This was due to lower 
visibility predicted downstream at the point of self-evacuation.  

Based on the predicted speed of the smoke layer, after 30 minutes, untenable conditions would be 
expected in almost the full length of the incident tunnel bore. Conditions were expected to fail for 
both visibility and FIC. In this circumstance the FRS could enter the incident bore through the cross 
passages from the non-incident bore where conditions are tenable. The FRS would be made aware 
that conditions were predicted to be untenable in the incident tunnel bore after 30 minutes of fire 
development at which point they may request for the unidirectional emergency ventilation mode be 
implemented to push smoke to the nearest portal, allowing them to enter the incident tunnel on the 
upstream side where conditions would be improved.  

Smoke modelling results shown here include an assumed adverse meteorological force which induced 
a tunnel air flow up to approximately 0.4 m/s during a fire incident. If this air speed could be reduced, 
then safer conditions might result. This would need an appropriate ventilation system and ventilation 
control system. The ventilation system would require a feedback mechanism using measured tunnel 
air velocities measured, for example, via several anemometers installed inside the tunnel and at the 
tunnel portals to provide reliability. This would enable the tunnel ventilation control system to 
actively manage the ventilation operating direction and ventilation capacity to mitigate the adverse 
meteorological forces. 

CONCLUSIONS 

The smoke modelling results presented in this paper concluded that the best outcome during a fire 
incident when operating in contraflow may be achieved by not operating the tunnel ventilation system 
during the self rescue phase to maintain a low tunnel air velocity. There remained a risk to tunnel 
users that are closest to the fire incident being exposed to smoke and therefore experiencing low 
visibility and hazardous combustion products. This is likely to reduce the speed at which they 
evacuate and would have a negative impact on the safety of tunnel users. It was concluded that 
assisting tunnel users to self-evacuate in a timely manner was expected to be an effective way of 
reducing the risk to tunnel users. This may be achieved for example by a combination of tunnel 
system upgrades or installations (some of which may already exist as part of the tunnel systems), such 
as: 
 

• Improvement to the tunnel fire detection system to allow quicker emergency response if 
required.  

• Directional emergency signage and low level lighting distributed in the tunnel. 
• Active illumination of tunnel cross passage doors.  
• Public address and voice alarm system or radio re-broadcast system. 

 
These are expected to help guide tunnel users to the nearest exit, reducing the risk to tunnel users 
evacuating even where smoke was predicted to be present. To support the decision making process, 
a system safety risk assessment would likely be required taking into consideration impact to cost, risk, 
and programme considerations for each option. 
 
Further improvement may be achieved if instead of trying to create longitudinal flow, the ventilation 
system created low or null flow through the use of a feedback system. However this is beyond the 
scope of this paper for which there is uncertainty in the complexity and practicality of doing so for a 
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tunnel of this length that was assumed to only be operated in contraflow during closure of a single 
bore.  
 
Further conclusion from the smoke modelling was that conditions for intervention by the FRS may be 
improved by operating the ventilation system at full capacity to push smoke to the nearest tunnel 
portal, improving conditions in the section of tunnel upstream of the incident location. However this 
would depend on the response time of the FRS and conditions inside the tunnel at this time. Any 
intervention mode would only be implemented at the request of the FRS.  
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ABSTRACT 
 
The hazards of the spread of fire smoke in the tunnel have been well recognized. This paper study the 
effects of smoke confinement by using water spray in the tunnel at natural ventilation. A 1/20 reduced 
scale tunnel was built with a dimension of 6000 mm length × 640 mm width × 360 mm height. Smoke 
temperatures, densities at different location were measured. Individual smoke clusters/particles were 
captured by brass meshes and imagined by Scanning Electron Microscope. The results indicate that, 
water spray can not only cool the hot smoke down by evaporation of spray droplet but also removal 
the smoke particles by the absorption of spray droplets. The temperature records behind the back of 
water spray decreased below 50℃ after the water spray is activated. The smoke removal efficiency of 
water spray increased with nozzle pressure. The removal efficiency could reach to 99.7% when the 
nozzle pressure was set at a relative high pressure. Additionally, the mechanism of absorption of 
smoke particles by water droplet was discussed. A simplified model was presented to predict the 
absorptions. The critical condition was determined that depend on the surface tensions of particle/air, 
particle/water and air/water. 
 
KEYWORDS: tunnel fire, smoke confinement, water spray, removal efficiency  
 
INTRODUCTION 
 
Fires in tunnel often result in catastrophes and heavy casualties, such as the Channel Tunnel fire and 
Mont Blanc Fire in Europe, Hui Mountain Tunnel Fire in China, East Asian. The huge amounts of 
smoke released will reduce the visibility of the evacuee’s path and cause fatalities by asphyxiation. 
It’s highly desirable to find a proper way to confine the smoke in a short section, separating the 
evacuated passengers from harmful circumstances. It has been reported that the air curtains 
demonstrate high efficiency to minimum the transport of heat, moisture, bacteria and radioactive 
particles [1, 2]. However, As Gupta et al. mentioned [1], the only installation of air curtains is in the 
interchange A13 of the A86 West Underground Link-up of Paris, France. Moreover, some 
disadvantages have been discovered. The nozzle of air curtain should be inclined with an angle 
towards the fire source, which means if the outlet velocity is too high or the angle not optimal, the air 
flow could increase heat release rate of the fire and encourage the heat and mass transfer. While the 
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net benefit from improving traditional air curtain methods seems to be marginally incremental and the 
safety requirement in tunnel are highly promoted, new partition methods are needed to meet the 
demands.  
 
A promising technology is the water spray curtain consists with small water droplets. The two most 
important features of water spray injection are the cooling effect due to the evaporation of distributed 
droplets and the collection effect due to the dynamics between the spray droplets and smoke particles. 
Each water droplet is considered as a spherical cooling source, and it floats a distance before it 
completely vaporizes, which can absorb certain quantity of heat. A sum of water droplets may cool 
down the fire-induced smoke and mitigate the radiation heat flux. Estes [3] and Chen [4] investigated 
the effect of mean droplet size, droplet flux and velocity on critical heat flux, it’s deduced that the 
mean droplet velocity has the most dominant effect on critical heat flux and the heat transfer 
coefficient, followed by the mean droplet flux. The Sauter mean diameter does not appear important 
effect. Barrow [5] gave a simple theoretical analysis of heat and mass transfer to a spherical droplet 
moving in humid air. Chow [6, 7] developed a macroscopically one-dimensional model to represent 
the interaction of a water spray with smoke layer. 
 
Another important aspect of smoke blocking efficiency is the removal effect of the water droplet. 
Only limited studies concern about the removal effect of water spray droplets interacted with 
fire-induced smoke. Pan [8] conducted an experimental study of smoke control using a water mist 
system located at the front of subway shield doors, and their results indicated that water mist could aid 
in reducing the smoke temperature and toxic species concentration, improving survival conditions for 
passenger evacuation. Amano [9] and Murakami [10] proposed water screen and water spray systems 
for tunnels. The water screen system of special nozzle with a 200µm diameter arranged in rows was 
used to form a fire compartment to prevent smoke spread. Ingason [11] and Li [12] investigated the 
tunnel fire suppression with water spray and sprinkler using the model scale fire tests. The latest 
works on fire smoke control using a special mist nozzle were performed by Li [13] and Wang [14]. 
However, there are very rare theoretical papers devoted to the scrubbing process because of lacking of 
detailed understanding of micro-level interactions between the smoke particles and water droplets. 
 
EXPERIMENT SETUP 
 
Experiments were performed in a 1/20 reduced tunnel, with internal dimensions of 6000 mm length × 
640 mm width × 360 mm height. Figure 1 shows the sketch of the experimental tunnel. The ceiling, 
floor and back side of the tunnel were constructed by three layer materials. The lining layer was steel 
board with thickness of 5 mm. The middle layer was asbestos board with a thickness of 50 mm. The 
external surface was galvanized iron sheet with a thickness of 1 mm. 4 pieces of 1000 mm × 240 mm 
observation windows were opened in the front side of the tunnel. The window was consisted of two 
layers, the internal layer is flame-proof glass with thickness of 8 mm, and the out layer is a gypsum 
board with a thickness of 6 mm.  
 
The experimental tunnel was equipped with a commercially available high pressure mirco-nozzle. The 
flow rate of the nozzle was 2.38 L/min, K factor was 0.238. Rated pressure was 10 MPa. The central 
line of the nozzle is 1500 mm away from the fire source.  
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Heptane pool fires were used to simulate the fire source to provide steady heat release rate and smoke 
production, the center of which located 1500 mm away from the left end of the tunnel. Since the water 
spray was far away from the fire source, the HRR may be determined by fuel weight loss methods.  
 
Temperature were record by 6 thermocouple trees, each thermocouple tree had 10 thermocouples in 
line. Smoke densities were tested T-SPM4210 flue airborne suspended particles test meter. During the 
test, the gas sensors weren’t open at the same time, D1 was opened since the fire was ignited, and D2 
was closed until the water mist activated. 
 
Smoke particles were captured by 12 brass meshes labeled as M 1~M 12, which were shown in Fig. 1. 
The morphology of smoke particle was inspected by the Scanning Electron Microscopy (SEM) 
methods. The Inspect ’S’ system and Sirion 200 system were used to image the smoke particles and 
clusters. The Inspect ‘S’ system is a SEM with a tungsten filament electron source. The Sirion200 
system is an ultra-high resolution Schottky field emission scanning electron microscope which is ideal 
for studying materials on the nanometer scale 
 

 

Figure 1 Set-up of the experiments 
 
Preliminary tests were conducted to determine the appropriate range of heat release rate and the water 
spray activation time (make sure the smoke sample were enough to be scanned). A series of 17 fire 
tests were carried out at natural ventilation. A summary of these test conditions is presented in Table 1. 
Each of the listed tests was divided into two steps. The first step only focused on the collection of 
smoke particles without water spray activation. The brass meshes were changed in the second step, in 
which the water spray was activated. Since the density of smoke decreased rapidly after the water 
spray was activated, so the collections of smoke particles were very limited at the back of the water 
spray. In order to collect enough particles, nine meshes were used to collect the samples. Then the 
smoke particles were carefully scraped from the meshes, and transfer to the SEM sample table. 
 

Table 1 Summary of test scenarios 
Case Pool Dimension Initial  Steady Water Smoke Smoke 
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No. Fuel 
Mass 

(g) 

HRR 
(kW) 

spray 
Pressure 
(MPa) 

Density 
D1 

(mg/m3) 

Density 
D2 

(mg/m3) 
1 180 mm × 180 mm × 40 mm 580.9  35.8 4.3MPa 2940 127 
2 160 mm × 160 mm × 40 mm 432.5  23.3 4.3MPa 2458 68 
3 140 mm × 140 mm × 40 mm 331.7  17.9 4.3MPa 2462 57 
4 120 mm × 120 mm × 40 mm 286.4  13.9 4.3MPa 2184 47 
5 100 mm × 100 mm × 40 mm 156.9  10.7 4.3MPa 1448 33 
6 80 mm × 80 mm × 40 mm 89.2  6.2 4.3MPa 1070 23 
7 140 mm × 140 mm × 40 mm 339.5  17.9 5.5MPa 2029 26 
8 140 mm × 140 mm × 40 mm 327.1  17.9 3.9MPa 2744 64 
9 140 mm × 140 mm × 40 mm 308.6  16.4 3.3MPa 2445 79 

10 140 mm × 140 mm × 40 mm 303.9  16.4 2.8MPa 2628 95 
11 140 mm × 140 mm × 40 mm 293.2  16.4 2.4MPa 2589 120 
12 140 mm × 140 mm × 40 mm 261.6  15.2 1.8MPa 2084 160 
13 180 mm × 180 mm × 40 mm 553.6  35.8 1.8MPa 2946 379 
14 160 mm × 160 mm × 40 mm 443.7  23.3 1.8MPa 2699 214 
15 120 mm × 120 mm × 40 mm 342.2  13.9 1.8MPa 2278 149 
16 100 mm × 100 mm × 40 mm 178.2  10.7 1.8MPa 1304 106 
17 80 mm × 80 mm × 40 mm 101.3  6.2 1.8MPa 1323 86 

 
RESULTS AND DISCUSSIONS 
 
Smoke Temperature 
 
Figures 2(a) ~ (c) shown the temperature variation with time of test 3, 11 and 12. The three tests had 
the same fire source and close heat release rate. Before the water spray was activated, temperatures 
along the central line of the tunnel rise constantly, the temperature increase rate depend on the 
intervals of the thermocouples and heat release rate of fire. The water spray was activated when the 
temperature of thermocouples become stable. After the activation of water spray, the temperatures 
behind the back of the water spray decrease to ambient temperature quickly, while the temperature in 
front of the spray maintain the same values. Moreover, high pressure spray can affect even larger 
areas, as comparison between Fig.2 (a) and (c). 
 
Vertical temperatures profiles of Test 14, 15 and 17 before/after water spray was activated were 
plotted in Fig. 2(d) and (e), In general, before the water spray was activated, the temperature increase 
upon the vertical height, with a sharp increase at an intermediate height, which indicates that the 
thermal stratification is obvious, where a distinct hot and a cool layer can be identified in the vertical 
direction. After the activation of the water spray, the temperature decreased as soon as possible. Water 
spray had ruined the stratification of smoke layer totally according to the temperature records. 
Although the temperatures increase with the vertical height, the maximum temperature was below 
50℃, which could not endanger the passengers or facilities. 
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Smoke Density 
 
Figure 3 shows the smoke densities with different heat release rate. It’s obviously that the smoke 
density increased with the heat release rate increase. It is also seen that the smoke density of the lower 
heat release rate increased more rapidly than that of higher heat release rate.  

 
Figure 3 Smoke densities before water mist activation (measured by D1) 

 
The smoke densities measured after the water spray was activated are shown in Fig. 4. It’s shown that 
for the same fire size, the smoke density decreased with the increase of the water spray pressure. The 
removal efficiency increased with the increase of the water spray pressure. It’s also demonstrated that 
the removal efficiency of the lower water spray pressure increased slower than the higher water spray 
pressure, the removal efficiency reached to 99.7% when the water spray pressure was set at 5.5 MPa.  

 
  Figure 4 Effect of water spray pressure on smoke densities and removal efficiency 

 
The effect of heat release rate on the removal efficiency is shown in Fig.5. Two different water spray 
pressure were chosen as fixed parameter. In general, the removal efficiency decreased with the 
increase of the heat release rate. For lower water spray pressure, the effect of heat release rate is more 
significant than that of higher water spray pressure. For water spray pressure at 4.3 MPa, The removal 
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efficiency is great than 95%~98%. However, for pressure at 1.8 MPa, the removal efficiency is at the 
range of 86%~94%. 

 
Figure 5 Effect of heat rate on the smoke density and removal efficiency 

 
The tests results can be compared with the results in former works [13-14], where the removal of 
aerosol particles from the atmosphere by rain droplets has been studied. It can be seen in Fig.6 that 
with the increase of droplet diameter, the removal efficiency will increase. Moreover, with the 
increase of particle diameter, the removal efficiency also increases.  

 

   Figure 6 Effect of droplet diameter on the removal efficiency.  
Solid dots: Horn, 1988 [13]. Open dots: Chate, 1997 [14]. Bar: present study. 

 
Morphology of Smoke particles and clusters 
 
Figures 7(a) ~ (g) show clearly the morphology of the smoke cluster. The smoke clusters are with 
uniform shapes which are coagulated by many individual particles. It’s obviously that the typical 
clusters have a diameter with 10~ 50μm. The inner image of the cluster was shown in Fig. 7(g). It's 
found that the clusters are porous materials, the coagulation of the particles are very loose. 
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The influence of water spray on morphology of smoke cluster 
 
As mentioned previously, the magnitude of the water droplet size is several hundred times 
greater than that of smoke particle size. The absorption of solid particles by water droplets 
can be simplified as a colloidal sphere adsorbing at the interface between two fluids in Fig. 8. 
First, we suppose the particle with a radius Rp is initially suspended in the air. The total 
energy of the surface can be written as, 

                                                        (1) 

 
When the particle emerges into the water droplet, the total surface energy can be written as, 

                      

(2) 
 

h means the projector distance from the centre of particle to the surface of the droplet. The 
equilibrium height is given by,  

                                                (3) 

 
Adsorption of the droplet occurs when is satisfied, which corresponds to 

.The total energy decrease upon adsorption of the particles until 
the equilibrium distance [15].  For smoke particle and water droplets, there’s a lack of 
quantitative values of the three surface tensions, but according to Pieranski [15], two relative 
values was determined that, , , 
so ,which means the particles can be absorbed by the water droplets. 
 

 
Figure 8 Interaction of smoke particles and water droplets 

 
Once a water droplet is coated with smoke particles, it can become stable against coalescence 
with another coated droplet, which means the final volume of smoke cluster was determined 
by the volume of the water droplets. The coating particles can also accumulate to form a solid 
layer, which will help to stabilize the droplets. 
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Figures 9 show the morphology of the smoke clusters with the water spray engagement. The 
magnitudes of the smoke cluster sizes were 10 times larger than that without water spray. 
Obviously, the absorption of smoke particles by water droplets play the dominate role in the 
accumulation of the smoke clusters. 

 

Figure 9 Image of the smoke clusters and particles with water mist 
 
CONCLUSIONS 
 
A serial of reduced model experiments were conducted to investigate the effect of fire 
induced smoke confinement by water spray. Water spray affects the smoke flow through two 
aspects. Firstly, water spray can cool the hot smoke down. The evaporation of spray droplet 
could absorb large quantity of heat. The temperature records behind the back of water spray 
decreased as soon as the water spray is activated. The maximum temperature is less than 50℃, 
which is harmless to the passengers and facilities.  
 
Secondly, water spray can removal the smoke particles and demonstrates higher efficiency 
than that of air curtain. Several parameters were changed in the experiments and quantitative 
analysis was performed. The removal efficiency increased with the increase of the water 
spray pressure. The removal efficiency could reach to 99.7% when the water spray pressure 
was set at a relative high pressure.  
 
Finally, the mechanism of absorption of smoke particles by water droplet was discussed. 
From the SEM results, it’s shown that the magnitude of smoke clusters sizes were 10 times 
larger than that without water spray. The critical condition of the absorption was determined 
that depend on the surface tensions of particle/air, particle/water and air/water, which will be 
helpful in the improving of removal efficiency of water spray, such as adding some additives 
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to decrease the value of  or increase the difference between and . 
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ABSTRACT 
 
The industry currently lacks a deep understanding of the performance of fire detection equipment in 
railway tunnels conveying both diesel and electrified trains which is necessary to enhance tunnel safety.  
A series of tests have been conducted over a six month period to identify the strengths and weaknesses of 
several fire detection systems and technologies. The main objective of these tests is to determine which 
system and technology, or combination, is the most responsive and effective in detecting railway tunnel 
fire events with minimal nuisance alarms and maintenance requirements. The fire detection systems tested 
include linear heat detectors, aspirating smoke detectors, flame detectors, and infrared radiation detectors. 
Each system was installed in an active railway tunnel and evaluated based on its relative performance 
under different scenarios of fire/heat/smoke and tunnel operation conditions. 
 
The fire tests challenged the fire detection systems with the following conditions: 
• Test #1 - Open Pan Fire  
• Test #2 - Shielded Pan Fire  
• Test #3 - Mechanically Induced Longitudinal Airflow, Open Pan Fire  
• Test #4 - Smoldering Fire Test  
• Test #5 - Remote Pan Fire  
 
During the test fires, the detection abilities of different detection devices, detection time, and test 
conditions were recorded. Tunnel airflows, temperatures, humidity, and video images were captured. 
After the initial fire tests were performed on April 13, 2019, additional testing during normal train 
operating conditions were conducted for six months without maintenance of detection equipment in the 
tunnel. Data was collected and analyzed for nuisance alarm conditions. After the six month normal tunnel 
operation testing, the final fire tests were conducted on November 24, 2019 to identify the devices 
detection ability. A few setting adjustments were required for the installed systems due to nuisance alarms 
registered during normal operation. Testing concluded that none of the installed systems were able to 
detect all test fires. Tests demonstrated that fire alarm setpoints are critically important for timely and 
reliable fire detection and prevention of nuisance alarms. Setpoints used for other environments cannot be 
used for railway tunnel environment. Design recommendations were made for a railway tunnel fire 
detection system. Additional research is required for different railway tunnel geometries and operating 
conditions.  
 
KEYWORDS: Fire detection, tunnel fire tests, open fire, pan fire, shielded fire, smoldering fire, airflow 
measurements 
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INTRODUCTION 
 
Fire and smoke detection systems are currently installed in tunnels throughout the world. Types of 
systems used vary depending on the location, occupancy, and environment. In tunnels, CCTV cameras, 
aspirating systems, heat/smoke spot detectors, and linear heat detectors are widely used.  
 
The railway tunnel environment differs from roadway tunnel environment [1, 2] and is dark with limited 
visibility, heavily depends on rolling stock, and is subject to strong air currents generated by moving 
trains. Brake dust from the train cars and combustion smoke particulates from the diesel locomotives are 
also a concern since they will eventually settle on the detection devices and may cause malfunction or 
delayed function of the detection devices. Additionally, diesel-powered trains that use the tunnel generate 
smoke and heat, and as such, the detection system will need to be able to distinguish between a fire event 
and the normal diesel train operation. 
 
Due to the tunnel geometry and nature of train fires, it is likely that a fire in the tunnel will be shielded 
from the detection systems, causing a delay in the detection response time in certain fire scenarios. In 
addition, different detection devices may be best suited for detecting different types of fires in railway 
tunnels. For example, the most serious fire event in railway tunnels is considered to be a train fire, which 
generates flame, heat, and smoke. Such a fire could be detected, for example, by a heat detection system. 
Other fires, such as small electrical cable fires or small trash fires, could generate large amount of smoke, 
but not enough heat to be detected by a heat detection system. The WMATA fire on January 12, 2015 
at/near L’Enfant station, which caused injuries and a fatality, generated large amount of hazardous smoke, 
but a limited amount of heat was generated which would be challenging for a heat detection system to 
identify [3]. Several fire smoke tests in metro tunnels were recently conducted to verify performance of 
fire and smoke detection devices. Washington Metro conducted a search for a smoke detection device that 
was suitable for the harsh metro tunnel conditions. Break dust and moisture are two components that 
could cause false alarms and component failures of smoke detection products. Data collected during the 
smoke sensor tests using artificial smoke (not a fire) in the metro tunnel helped to better predict the 
service requirements for aspiration system and can be found in the XTRALIS company brochures. In 
2009 / 2010 China Academy of Building Research; Beijing MTR Construction and Management Co. Ltd. 
and Beijing Fire Bureau conducted Metro Platform smoke tests in Beijing Metro [4]. Air Sampling 
Smoke Detector type, Spot-type Detectors (optical and multi-criteria), and Beam Projected-type Smoke 
Detector were tested. A small pan fire (approximately 0.5m x 0.5 m) and artificial smoke tests were 
conducted on the platform away from the tracks. Similar tests were conducted in Guangzhou Metro Train 
Depot in 2009 to test Air Sampling Smoke Detector (ASD) and Beam Projected-type Smoke Detector 
systems. Small fire tests were conducted in Helsinki Metro and Beijing Metro to verify performance of 
Linear Heat Detection system. [5] However, those tests were either performed in ventilation shafts or at 
the station platforms and the scope was limited to performance of a single system under specific small fire 
or artificial smoke conditions. Extensive tests have been undertaken in road tunnels, but very few for rail 
tunnels, and none with the battery of tests as executed in an active tunnel. 
 
OBJECTIVES  
 
A deep understanding of the performance of fire detection equipment in railway tunnels conveying both 
diesel and electrified trains is still lacking and is needed to enhance tunnel safety. The goal of the tests 
and study was to evaluate the relative performance of known fire detection technologies in an active rail 
tunnel to determine their effectiveness and limitations under a real railway tunnel environment that 
conveys both diesel and electrified trains. This series of tests was intended to determine which system and 
technology, or their combination, is the most responsive and effective in detecting railway tunnel fire 
events with minimal nuisance alarms as well as minimum maintenance requirements. 
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The following objectives were established for the tests: 
• Ability to Detect Fire - Ability to detect a flame, a source of heat from, or a smoke plume under 

different tunnel conditions.  
• Response Time.  
• The ability to accurately locate the fire. 
• Alarm Reliability and ability to disregard the nuisance alarms.  
• Repeatability of Detection and to determine the maintenance requirements for the devices.   
• Construction, Operations, and Maintenance Costs and Requirements 

 
A variety of state-of-the-art detection technologies were tested to verify performance of fire detection 
technologies against multiple setups approximating a range of heat, smoke, and proximity conditions 
characteristic of railway tunnel fires.   
 
Fire Detection Technologies Used for Testing 
Numerous fire detection vendors were researched and consulted with to determine which system may be 
successful in railway tunnel unique and challenging environment. Devices were chosen based on their 
relevant operation experience, technology, and diversity. 
 
Linear Heat Detection System 
Linear heat detection systems (LHDS) are probably best suited where fire detection is needed across long 
distances (up to 16 km for fiber optic systems). LHDS allow for remote monitoring and can detect fires 
generating sufficient amounts of heat at any location along its length. Three types of LHDS were 
considered including a fiber optic cable, a digital cable, and an analog cable. The fiber optic linear heat 
detector (LHD) type uses the Raman light scattering principle to correlate temperature along a cable and 
can be programmed for set points at a maximum temperature, a maximum deviation from average zone 
temperature, and at a rate of temperature rise. Digital type LHDS utilize a pair of conductor cables that 
fuse at a temperature setpoint, sending a signal to the controller. The cable is thus designed for a single 
setting and must be replaced after activation. Analog type LHDS operate based on the dielectric resistance 
between a central conductor and braid layer which has a negative temperature coefficient. The sensors 
provide a continuous readout of temperature or rate of temperature rise and are monitored by a computer 
initiating “pre-alarm” or “Alarm” signal at predetermined set points. Software reads and evaluates the 
temperatures for hot spots or rapid heat rises to detect fires. All considered systems have capabilities to be 
self-diagnostic when the system experiences fault or failure.  
 
A commonly used detection system for sensing fire in railway tunnels is linear heat detection because of 
its relative simplicity, relatively low maintenance, availability of long detection cables, and suitability for 
tunnel environments. However, dust accumulation on the wires could impact the system performance, 
presence of catenary wires limits its installation and maintenance, and small smoldering fires might cause 
a fire detection challenge and are further discussed: 

• Heat generated by a fire will accumulate at the tunnel crown. Thus, installation of the LHDS 
could be recommended at the tunnel crown. However this may be impractical if there is a 
catenary system, which would require de-energization for LHDS inspection and maintenance. It 
is practically feasible to install LHDS below the catenary envelope, but its heat detection ability 
may be compromised;  

• LHDS will be challenged to detect smaller fires that do not produce large amounts of heat such as 
a smoldering cable or even small trash fires;  

• The exhaust discharge for diesel locomotives is located at the train’s top, generating large amount 
of heat. Temperature of the exhaust can reach temperatures over 149 °C (300 °F), which could be 
registered by LHDS as an alarm condition; 
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• Additionally, there is concern with accurately locating or detecting a source of heat with high 
velocities of air movement. If a train is moving through the tunnel, heat generated by a fire may 
become diluted by windy ambient air and reduce the temperature sensed by the LHDS. Also, the 
moving air could possibly cause the plume of hot air generated by a fire to migrate away from the 
point of origin, which would have negative impacts on the detection location;  

• Environmental concerns, such as brake dust and moisture buildup along the cable surface may 
affect the system’s ability to react to temperature fluctuations. 

 
Four linear heat detection systems were selected for testing; one fiber optic system (LS1), one analog 
system (LS2), and two digital systems (LS3 & LS4): 

• LS1 uses fiber optic technology which allows the user to program multiple set points depending 
on the application; including custom setpoints. This system includes a single fiberoptic linear 
cable divided into three zones as seen in Figure 1. The first zone begins at the control room and 
terminates at the “start” of the test area. From that point the second zone, designated Low Cable 
Zone, begins running along the tunnel wall for 30 meters until it reaches the end of the test zone. 
The final zone, designated High Cable Zone, begins at this point and runs back along the tunnel 
wall, at a higher elevation, to the beginning of the test zone and back (installed tightly together). 
Each cable zone is capable of reaching the same variety of alarm conditions. All three zones 
report back to the controller and recording laptop for data logging. 

 
Figure 1- LS1 cable arrangement 

 
• LS2 analog system has an adjustable setpoint and can be run in zones up to 500 meters.  
• LS3 and LS4 utilize digital technology at different setpoints of 70°C and 240°C.  

The linear cables for LS1 were installed on one side of the tunnel, while LS2, 3 &, 4 are on the opposite 
side as seen in Figure 4. LS1’s setpoints were based on the available standards UL15F, UL20F, EN54-22 
and their combination, as well as proprietary setpoints from the manufacturer. LS2’s setpoint was initially 
established at 71.1°C and revised for the final test at 80°C.  
 
Aspirating Smoke Detection System 
Aspirating smoke detection systems (ASDS) detect smoke by continuously drawing sample air through a 
network of tubing to a central unit which analyzes the particles. ASDS can detect smoke before it 
becomes visible to the human eye, thus making response time to a fire rather quick depending on the pipe 
length and pumping capacities. This system is often used for early fire detection, especially smoldering 
fires, however the following considerations required additional testing: 

• Environmental concerns include brake dust and soot could settle on and within the piping system, 
potentially clogging the sample openings; therefore, periodic system purges might be required;  

• Pressure differentials might also interfere with the readings as the samples must be drawn to the 
analyzer;  
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• Due to the tunnel environment costs of the piping material should be taken into considerations;  
• Limitation of a straight run of piping length is 100-150 meters, depending on the unit pumps and 

tubing, which means that analyzers should be strategically placed or provided throughout the 
tunnel to provide full coverage for long tunnels;  

• An ASDS might be susceptible to moving air currents such that, if the air carrying smoke within 
the tunnel is moving away from the detector, the system may not detect and activate an alarm 
condition; 

• Additionally, there is a possibility that false alarms could happen when diesel trains are in the 
area of the detector tubing inlet. ASDS need to distinguish fire accurately since smoke could be 
caused by diesel train operation or dust and may not be related to a fire incident. While some 
ASDS units can distinguish between dust, dirt, and smoke particulates, thereby reducing the 
potential for nuisance alarms, the reliability remains uncertain in the event of diesel exhaust being 
sampled by the ASDS. The analytics of the system require testing to determine if the nuisance 
alarms could be eliminated during non-fire emergency smoke events. 

 
Two aspirating smoke detection systems were selected for testing: ASDS Module A and ASDS Module 
B. Each module was provided with a NEMA 4 enclosure to house the analyzer and a dedicated length of 
sampling pipe with openings spaced at 6m. Module A utilizes post-processing analytics to minimize the 
effect of dust and diesel exhaust while Module B is an industrial applications model specialized for harsh 
environments. These Modules have sensors for visibility and specific gases to generate the alarm signals. 
Sensitivity settings were established by the vendor and include Pre-Alarm 1, Pre-Alarm 2; Low Alarm 
and High Alarm (equal to 2% obscuration per meter), and detection delay for each sensitivity setting.  
 
Infrared Radiation Detectors 
Infrared Radiation (IR) detectors utilize photovoltaic cells to sense radiant energy and spikes of carbon 
dioxide. In road tunnels this technology has demonstrated the earliest fire detection with no nuisance 
alarms, but further testing was required to ensure that the detectors will not generate false alarms in rail 
tunnel applications. Railway tunnels pose additional challenges for considerations and testing: 

• Since the vehicles block significant tunnel cross section area, detectors may need to be placed at 
tight intervals to provide adequate coverage; 

• IR detectors might respond to other heat sources such as diesel locomotive exhaust. Conversely, 
they may not respond if the energy of the smoke plume does not reach the detection threshold. 
Depending on the sensitivity setting of the detector, these devices have the ability to quickly 
detect flame and heat (possibly much faster than any other detection device). However, the 
settings of the detectors will need to be refined as to not generate nuisance alarms; 

• Dust and soot accumulation on lenses due to diesel train operation, and humid tunnel 
environments might obscure IR cameras and compromise their ability to detect fires. There is a 
concern that the surface of the detector (lenses) would require periodic cleaning to be able to 
perform as intended; 

• Similar to digital type of LHDs, the accuracy of the IR detectors is limited to the view and 
spacing of the camera; these systems have a limited range varying from 15 meters to 120 meters 
depending on the sensitivity level of the devices. If two cameras are facing each other and are 120 
meters apart, the incident will be considered to be located within that space. Due to the line-of-
sight requirement of these devices shorter intervals between detectors and alternating locations on 
either side of the track may be required. 

 
 Two infrared cameras were selected for testing, IRC1 and IRC2: 

• IRC1 is a multi-spectrum infrared flame detector that uses three wavelengths to respond to 
hydrocarbon fires. The unit has three sensitivity settings that can be chosen based on anticipated 
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fire distance and type of nuisance alarm sources present: Pre-Pre-Alarm; Pre-Alarm; and Alarm. 
An additional pre-alarm delay can also be programed for further prevention of nuisance alarms. 

• IRC2 is a multi-spectrum infrared flame detector that utilizes a neural network technology for 
data processing. The device uses four sensors, two that look for CO2 frequencies signaling a fire 
and two that are used to eliminate nuisance alarms; this data is processed using the neural 
network technology to determine if a fire event is occurring. 

 
METHODOLOGY AND SETUP 
 
Testing was composed of several phases: Pre-Test, Initial Tests, Interim (Normal Operation) Tests, Final 
Tests and Evaluation – shown in Figure 2 below. 
 

 
Figure 2 – Test Phases 
 
Fire Tests 
Prior to testing a series of asset protection devices were designed and installed to protect electrical and 
controls devices from any possible damage. Specific attention was paid to the catenary wire which was 
shielded by a fire-retardant tarp at all testing locations. Additionally, endothermic mats were installed 
over all existing equipment, conduits, and third rail at the testing locations. All fires were ignited and 
extinguished by a professional firefighter crew. 
 
Jacobs conducted initial five full scale live fire tests in a railway tunnel on April 13, 2019 and repeated 
final tests on November 24, 2019. Final tests incorporated lessons learned from the initial tests and were 
performed to assess repeatability of the detection devices based on the impact of normal operation for six 
months. The fire tests challenged the fire detection systems with the following tests conditions: 
• Test #1 - Open Pan Fire  
• Test #2 - Shielded Pan Fire  
• Test #3 - Longitudinal Induced Airflow, Open Pan Fire  
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• Test #4 - Smoldering Fire Test  
• Test #5 - Remote Pan Fire  
 
During the test, fire detection abilities of different detection devices including detection time and test 
conditions were recorded. Tunnel airflows, temperatures, humidity, and video footage were recorded. 
Figure 3 and Figure 4 represent the test set-up from plan and cross-section views, respectively. 
 

 
Figure 3 Experimental Set-Up Layout. 
 

 
Figure 4 Experimental Set-Up Cross-Section. 
 
Diesel fuel was used for the open pan fire tests. Pan fire size was limited to 0.78 MW based on the 
preliminary flame height calculations and temperatures predicted by CFD modeling to protect tunnel 
assets. An assortment of electrical cables were used for the smoldering fire to represent a scenario similar 
to the WMATA accident event. No trains or other large obstructions were present near the test area. 
Surface temperature readings at the tunnel wall were monitored and recorded by means of an infrared 
camera to ensure an established maximum temperature threshold of 105°C to protect assets was not 
surpassed during the test. Tunnel airflow measurements were taken during the tests. 
 
Test #1: Open Pan Fire 
Open Pan Fire tests were performed with the intent for all detection devices to detect the 0.78 MW pan 
fire located approximately 22.9 meters from the IR cameras mounting location and in the zone of LHDS 
and Aspiration system detection area. It is the simplest test for fire detection devices which allows 
vendors to verify equipment performance. The ignition source was two butane torches operated by 
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firefighters from the fire control team. 
 
Test #2: Shielded Pan Fire 
Shielded Pan Fire tests were performed with the same pan at the same location as Test #1. The intent of 
this test was to shield the flames from the IR cameras challenging them to detect a fire. It is very likely 
that an actual railway fleet tunnel fire would be shielded by the train body from any cameras installed. 
The fire was not shielded for aspiration and LHD systems. 
 
Test #3: Open Pan Fire with Induced Longitudinal Airflow 
Induced Longitudinal Airflow, Open Pan Fire tests were performed with the same pan at the same 
location as the previous tests. This intent of this test was to challenge LHD and aspiration systems to 
detect fire due to cooling and blown-away products of combustion. Air velocities were chosen between 
2.5 and 3.5 m/s past the test fire site; close to critical air velocities needed to control smoke by ventilation 
system in a real fire event. 
 
Test #4: Smoldering Fire  
Smoldering Fire tests were performed at 22 meters away from IR cameras with a shielded torch heating 
76 meters of wire in a barbeque smoker causing the PVC coating to burn with toxic smoke. This test’s 
intent was to utilize electrical cables to produce large amounts of smoke of smoldering electrical fires and 
minimal amounts of heat without visible flame; to verify the aspiration system ability to detect such a fire 
with reserved doubts on any other detection devices to detect. 
 
Test #5: Remote Open Pan Fire 
Remote Pan Fire tests were performed with the intent to challenge the IR cameras to detect the 0.78 MW 
pan fire.  The setup of Test #5 was the similar to Test #1, with exception of the pan fire being located 
approximately 123m (April) and 84m (November) from the IR cameras and outside the fire detection 
zones for other devices.   
 
Interim Period 
After initial tests, all fire detection devices remained in place with the goal to test them for at least six 
months for nuisance alarms under normal tunnel operating conditions, under tunnel maintenance 
conditions, and under diesel locomotives’ operation. Test results were documented on a weekly basis, 
sharing the results with the fire detection vendors for their analysis. It is recognized that some devices 
required sensitivity adjustments, while no adjustments or maintenance cleaning should be performed 
before the final tests. Due to nuisance alarms sensitivity adjustments were only made for IRC1 and the 
aspirating systems. IRC1 reduced its sensitivity to 75% and added an 8 second delay from pre-alarm. The 
ASD A increased its Low Alarm setting by 84% and added a 10s delay, while ASD B had its Low Alarm 
increased by 316%, to reach a similar value to ASD A, and added the same 10s delay. Both High Alarms 
were unchanged and equal. Due to optical fault caused by excess dust accumulation, IRC2 required 
cleaning during this interim period. 
 
TEST RESULTS 
 
Test #1:  22.9 [m] Open Pan Fire 
The IR Cameras (IRC1 & IRC2) detected the fire extremely quickly, prior to full ignition (before flame 
spread across the entire fuel surface) of the fire pans. Minor time delay for fire detection was observed 
during the final November tests as can be seen from Figure 5. It is assumed this is due to dust on the lense 
of the devices which accumulated during the interim test period. ASDS Modules B and A also early 
detected the fire with Module A being slightly faster than Module B for both initial and final tests. Delay 
of fire detection of approximately 150 seconds for both devices at the final fire tests could be explained 
by changes of tunnel environment, especially ambient air velocities, and operation of the equipment for 
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six months. LS1 detected the test fire using a rate of rise alarm (8°C / 120s) during initial tests and with 
about 50 seconds delay during the final tests. The last fire detection devices to activate were LS2 and LS3 
which occurred nearly simultaneously at 232 seconds after torch ignition and did not detect fire during the 
final tests. Additional alarms occurred during the flareups caused by the extinguishment process. 
 
All devices with the exception of LS4 (with a setpoint at 240°C) were successfully activated during the 
initial test, however linear heat detection devices LS2 and LS3 did not detect fires during the final tests as 
shown on Figure 5.  
 
The maximum temperature recorded by the fiberoptic LHDS’s highest cable section showed a linear rise 
after ignition and a sudden peak after the fire extinguishment, which is likely caused by the flareup. This 
peak temperature approached 70°C during initial tests but only 40 °C during the final tests which could be 
explained by higher ambient air velicities passing through the tunnel as can be seen from Figure 5. The 
figure shows the chronological order of each device fire detection for each test date. Note that only the 
first full alarm condition is shown for each, with distinction between lower (L) and higher (H) cable 
heights for LS1. 
 

  
Figure 5 Test 1 Fire Detection Test Results – Open Pan Fire. 
 
Test #2:  22.9 [m] Shielded Pan Fire 
With the shield in place, no devices were able to detect the fire prior to full ignition. The ASD systems 
went into alarm at 66 seconds (w/o analytics, Module B), and 83 seconds (w/analytics, Module A) during 
initial tests and with only a few seconds delay during the final tests. The lower Fiber Optic LHDC was the 
next to alarm using a rate of rise alarm (8°C / 120s) at 86 seconds followed by the higher cable at 96 
seconds which used two rate of rise alarms (8°C / 120s and 10°C / 120s) during the initial tests, but 
detected the fire faster during the final tests. The analog LHDC (LS2) detected the fire at 165 seconds 
during initial tests and did not detect fire during the final tests. See Figure 6 for test results. 
 
It was noted that the IR cameras successfully alarmed after the extinguishment process had begun. It can 
be observed that the flare up of the extinguishment process caused the flames to be visible around the 
shield and can be attributed to the activation of both IR cameras. Neither IR camera was able to detect the 
fire while the shield was in place and the fire was not being extinguished. 
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Figure 6  Test 2 Fire Detection Test Results – Shielded Pan Fire. 
 
Test #3:  22.9 [m] Open Pan Fire – Longitduinal Airflow (air velocities between 2.5-3.5 m/s) 
The IR Cameras’ view of the ignition source was unobstructed and the fire scenario was detected prior to 
full ignition during the initial and final tests with only a few seconds delay. The IR cameras alarmed at 9 
seconds and at 14 seconds, the time difference attributed to different programmed pre-alarm durations 
during the initial tests and at 10 seonds and 23 seconds during the final tests respectively, with IRC2 
always being the fastest. The remainder of the test, prior to extinguishment, did not activate additional 
detection systems as shown on Figure 7. The longitudinal airflow caused the majority of the heat and 
smoke to propagate past the end of the detection zones of the remaining systems, not allowing the LHD 
(which shows a slow rate of rise in temperature throughout the test) or ASD systems to detect the 0.78 
MW fire.  

 
Figure 7  Test 3 Fire Detection Test Results – Open Pan Fire with Longitudinal Flow. 
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Test #4:  22.9 [m] Smoldering Fire  
The heat release rate for the smoldering fire was in the range of a few kW with the propane torch being 
the major heat contributor and was not measured. The ignition sources were shielded and did not allow 
the IR Cameras to detect prior to ignition. Note, that further shielding improvements were made for the 
final fire tests. The Smoke Aspirating units were the first to detect the fire at 102 seconds (w/o Analytics 
– Module A) and 135 seconds (w/Analytics, Module B) during the initial tests and over 100 seconds later 
during the final tests. During initial tests the firefighters removed the torch from the smoker and, in doing 
so, inadvertently exposed the open torch flame to the IR Cameras’ line-of-sight. Both cameras alarmed at 
2:50 seconds after ignition. Prior, to what is likely to be the torch flame’s exposure, neither device was 
able to detect the fire. This did not occur during the final fire tests since a shield was present to prevent IR 
detection – see Figure 8. No LHDS were able to detect the smoldering fire due to lack of heat. Air 
velocity measurements were taken throughout testing across the tunnel’s cross section and showed 
minimal air velocities. 

  
Figure 8 Test 4 Fire Detection Test Results – Smoldering Fire. 
 
Test #5:  123 and 84 [m] Remote Open Pan Fire – Stagnant Airflow 
The remote fire scenario was not detected (or pre-alarmed) by either IR camera or linear detection system. 
Air velocity measurements were taken throughout testing across the tunnel’s cross section. While the 
intent was to perform testing at stagnant airflow, the natural tunnel airflow blew smoke at a speed of 0.56 
m/s towards the aspiration detection devices, causing the Smoke Aspirating systems to both successfully 
detect the scenario at 189 seconds (w/o Analytics, Module B) and 194 seconds (w/Analytics, Module A) 
during the initial tests. Similar to previous tests, additional alarms occurred for these systems as the 
residual smoke lingered in the area. This did not happen during the final tests, where the airflow direction 
changed, and no fire detection devices detected the remote open pan fire. After the fire was extinguished 
the flareup caused IRC2 to detect the fire during final tests – see Figure 9. Note, that after failure to detect 
the fire at 123 m from IR cameras, the fire location was moved closer to 84 m, which is claimed as a 
“border-line distance” for the IR cameras detection ability, but did not help to detect fire. 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

531



  
Figure 9  Test 5 Fire Detection Test Results – Remote Open Pan Fire. 
 
NORMAL OPERATION INTERIM TEST RESULTS 

Following completion of the initial fire tests on April 13th, 2019 all devices remained in place and were 
set to continuously record all data while the tunnel returned to normal operations. The devices were to 
receive no maintenance during this time to determine the effects of the challenging tunnel environment on 
the systems, including dust, pressure fluctuations, moisture, train lighting, and flickering lights. 
Furthermore, the devices would be challenged to minimize nuisance alarms by a variety of vehicles using 
the tunnel on a regular basis with electric and diesel-powered trains, as well as maintenance vehicles. 

The CCTV cameras monitored the equipment and tunnel conditions and recorded video footage of the 
testing location; relevant video clips of major alarm events or other areas of interest were retrieved for 
documentation of the cause of the alarm. Temperature and humidity were also continuously monitored 
within the tunnel test area. 

A standalone diesel locomotive test was also completed on the night of November 6th, with a single 
running locomotive through the test area at constant 8 km/h speed. Due to agency operational procedures, 
one tunnel ventilation fan in the nearest shaft (~15m from the test section) was running in exhaust mode 
at low speed (estimated capacity 50 m3/s). No alarms were recorded from this event. 

 
IR Camera 1 (IRC1) 
During the interim period this device has experienced 109 different levels of alarm, including Pre-Pre-
Alarm (70), Pre-Alarm (26), and Alarm (13). However, many of these alarms occur during the same 
period of time and can be discounted as duplicates. The majority of the alarms happened during the first 
month of device operation. Examination of the CCTV footage shows a variety of reasons for these alarms. 
In the early mornings of June 18th and 19th extensive maintenance work was being performed in the 
vicinity of the device. Tie and ballast replacement work crews were stationed in the areas with multiple 
vehicles. During this time the device recorded 40 levels alarms, including nine alarm conditions, across 
four separate alarm groupings. Normal operations have also caused levels of alarm for the device, 
including full alarm. Train traffic in both directions have resulted in nuisance alarms for the device.  
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From May 22nd to June 18th the device did not record a single level of alarm condition. The cause for this 
sudden lull in alarm conditions is unknown. The vendor has confirmed that the device was operational 
and logging data during this period. At July 25th the device’s sensitivity was reduced to 75% and the 
alarm delay set to 8 seconds. After this change, only a single Pre-Alarm was recorded in four months of 
test period associated with a train passing. 

IR Camera 2 (IRC2) 
This device was provided with a prototype accessory, an air curtain, to prevent dust obscuration on the 
camera lens. This system included a lens fitting (mounted on the face of the camera), compressed air 
tubing, an air filter, and an air compressor (located in a nearby utility room). Prior to the initial tests, it 
was discovered that the supplied air filter was non-functional and removed from the system. The 
remainder of the system operated without its inclusion. During the data collection period the data logging 
laptop was found closed and not actively logging since initial testing. Jacobs representatives restored the 
system to commence data logging and adjusted power settings to prevent additional data loss on May 2nd. 
Additionally, the digital display showed that the unit was in an optical-path fault, however the exact time 
of occurrence is unknown due to the laptop user error. An additional data logging issue occurred on the 
morning of May 20th, when the power feeds experienced a short loss of power (cause unknown) and it 
was discovered that the provided laptop had a faulty battery and was powered down until May 23rd. This 
battery was later replaced on May 30th to prevent a repeat loss of data. In early AM of July 24th, the 
camera was cleaned of dust, and a rain guard was placed instead of the malfunctioning air curtain, thus 
clearing the optical path fault error. During the normal testing period, the device has experienced two 
alarms with cause unknown on the days of August 2nd and 20th around 1-2 AM. Between 8/21 at 10:39 
AM and 8/22 2:41 AM device communications were lost and later restored.  

Linear Sensor 1 (LS1) 
During the interim testing period LS1 has experienced two alarms on two of their installed cable zones. 
On June 19th, at roughly 1:05 AM, the Shaft and High Cable zones went into alarm condition. Both zones 
were activated by a temperature rate of rise alarm of 8°C/120s. This alarm condition remained in place for 
less than a minute for both sections and was detected by the first zone roughly ten seconds earlier. Upon 
examination of the CCTV recordings, it can be observed that track maintenance was ongoing at the time 
of the alarms. Ballast/tie replacement work vehicles were staged for several hours in the direct vicinity of 
the cable lengths. At the time of alarm, a maintenance vehicle and separate hi-rail vehicle were parked 
directly below the cable zones and idling, possibly triggering the devices with hot exhaust gas discharge. 
A second alarm event was recorded July 20th around 3 PM at the High Cable section for approximately 
one min., coinciding with a train stopping in the shaft area to pick up two rail workers. The associated 
rates of rise were 8°C/120s and 10°C/120s. 

Linear Sensors 2, 3 & 4 (LS2-4) 
Immediately following the completion of the initial testing, the triggered LS3 lower temperature digital 
cable 70°C was removed and replaced (this device is single use and activated in initial Test #1) which 
allowed testing to continue during the normal testing period. The vendor has provided an indicator for 
each cable to display a normal, fault, or alarm status while Jacobs has provided a monitoring system 
which provides a timestamp in the event of any status change for all three cables. On May 2nd the Jacob’s 
data logging system was adjusted to record the digital input state at every minute for all inputs. Previously 
the system was set to record state changes only. No alarms or faults have occurred for any of the cables of 
Linear Sensors 2, 3, and 4 during the normal test period. 

Aspirating Smoke Detection (ASDS) 
During the interim period the ASDS Module A system experienced 995 different levels of alarm, 
including Pre-Alarm 1 (370), Pre-Alarm 2 (393), Low Alarm (229), and High Alarm (3). ASDS Module 
B system experienced 176 different levels of alarm, including Pre-Alarm 1 (101), Pre-Alarm 2 (46), Low 
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Alarm (29), but no High Alarms . However, many of these alarms occurred during the same period of 
time and can be discounted as duplicates. Examination of the CCTV footage shows a variety of reasons 
for these alarms. Normal operations in both directions have caused alarm conditions, with several cases 
occurring when multiple trains operate in a short window of time, when a single train has multiple 
locomotives, or when a train operates at a very slow speed in the testing area. All Alarms occur during 
maintenance operations including the aforementioned tie and ballast replacement when the work crew is 
stationed in the vicinity of the device (June 19th). ASDS Module B did not experience a High Alarm 
condition. Multiple alarms, including a Low Alarm, have occurred when CCTV footage shows no 
indication of recent train operations in either direction. Additionally, in some cases haziness was be 
observed at the test site with no ongoing train operations.  
 
SUMMARY OF TESTS RESULTS 
 
Most detection devices in the final tests remained with the same settings as the initial tests, apart from 
IRC1, LS2, and both ASDS as described in the previous sections (with IRC2 lens cleaned to clear the 
optical fault mode on July 24th). The summary of detection times for each device is given in Table 1 and 
provides comparison results for fire detection during initial and final tests.  
 
Table 1 - Detection Time Table for Fire Tests 

  Test #1 Test #2 Test #3 Test #4 Test #5 
  Initial Final Initial Final Initial Final Initial Final Initial Final 

LS1 
(High) 1:30 4:37* 1:36 1:13 X X X X NA NA 

LS1 
(Low) 1:50 2:27 1:26 1:23 X X X X NA NA 

LS2 3:52 X 2:45 X X X X X NA NA 
LS3 3:52 X X X X X X X NA NA 

LS4 X X X X X X X X NA NA 
IRC1 0:12 0:23 X X 0:14 0:23 2:55* X X X 
IRC2 0:02 0:08 X 4:36* 0:09 0:10 2:50* X X 4:35* 

ASD A 0:26 3:10 1:06 1:13 X X 1:42 6:04 3:09** X 
ASD B 1:15 3:46 1:23 1:26 X X 2:15 5:03 3:14** X 

Notes:   1. Only the first alarm condition is shown.  
 2. ‘ X ‘ Denotes no detection during test 
 3. ‘ * ’ Denotes detection was during extinguishment flareup 

4. ‘ ** ’ Denotes detection was due to smoke traveling back to test section 
5. ‘ NA ’ Denotes device was not tested due to physical limitations 

 
Table 2 - Average air velocity during fire tests (+ indicates flow from the IR cameras towards the fire) 

Average air velocity during 
tests Test #1 Test #2 Test #3 Test #4 Test #5 

Initial Tests (m/s) 0.43 1.59 3.43 -0.17 -0.56 
Final Tests (m/s) 1.25 1.11 2.46 -0.15 0.91 

 
The Fiberoptic Linear Heat Detection System demonstrated good performance detecting open and 
shielded fires. This device was not tested during the remote pan fire, due to installation length, but is 
expected to detect remote fires when installed throughout the tunnel. Detection of a small fire was not 
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achieved with elevated airflow rates passing through the tunnel and a small cable smoldering fire. It was 
noted that from these tests it was impossible to verify the accuracy or detection ability of linear systems 
for a longitudinal airflow due to the short cable length. Other linear heat detection devices did not perform 
as well.  
 
Infrared Cameras were consistently the fastest systems to alert and demonstrated good performance 
detecting open fires with and without induced airflow, but did not detect a small cable smoldering fire or 
a shielded fire. These devices are also subject to dust accumulation which hinders performance. 
 
Aspiration Systems demonstrated good performance detecting open fires, shielded fires, and small cable 
smoldering fires, but did not detect fires with induced airflow and remotely located fires. It is noted that 
the aspiration systems generated the most nuisance alarms and will need further refinement of settings to 
reduce their occurance. 

From Table 3 it can be seen that all systems, except LS2, LS3, and LS4 had an alarm event during the 
normal operation period.  

Table 3 - Recorded Alarms during Normal Operation 
IRC1 IRC2 LS1 ASDS Mod. A ASDS Mod. B 

Pre-Pre-Alarm 70 Alarm 2 High Cable 2 Pre-Alarm 1 370 Pre-Alarm 1 101 
Pre-Alarm 26   Low Cable 0 Pre-Alarm 2 393 Pre-Alarm 2 46 

Alarm 13   Shaft Cable 1 Low Alarm 229 Low Alarm 29 
        High Alarm 3 High Alarm 0 

 
CONCLUSIONS 
 
An extensive fire test program was completed between April and November of 2019, with data collected 
and analyzed for live fires and for nuisance alarm conditions in the interim. This testing helped identify 
the weaknesses and strengths of each type of detection system. The overall testing results demonstrated 
that: 
• Railway tunnel environments pose challenges to all fire detection systems; 
• No single fire detection device is capable of detecting any possible railway tunnel fire with no 

nuisance alarms; 
• Fire detection devices’ performance heavily depends on alarm settings, which should be subject to 

future research; 
• IR cameras are the fastest systems to detect an unobstructed open flame, however are limited in 

range;  
• Fiberoptic linear heat systems detect most fires with exception of smoldering fires and produces less 

nuisance alarms under normal and maintenance operation than other systems. 
• Aspiration systems were the only devices able to detect smoldering fires which produces minimal 

amounts of heat and have similar, or faster alarm times, when compared to linear. However, the 
system experienced difficulties to detect fires with high airflow rates in the tunnel. In addition, the 
systems experienced numerous nuisance alarms cause by different tunnel operations and maintenance 
conditions. Establishing sensitivity settings is important to minimize or eliminate nuisance alarms 
while keeping the device fire detection ability. Its range of operation is limited to the aspiration 
pumps and pipe length and costs are prohibitive for long tunnels.   

• A combination of linear and aspirating systems would help to detect different types of fires, however 
small fires with longitudinal airflow may remain challenging for fire detection. 
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Selection of fire detection devices will heavily rely on key factors such as tunnel geometry, operations, 
and maintenance procedures. Since these factors will vary for each application, the strengths and 
weaknesses for each device will need to be considered and further analyzed. It can be seen that no single 
technology is capable of achieving an alarm for all fire tests performed. This leads to having multiple 
technologies to provide full coverage for all types of fires. Aspiration systems may need to be located 
strategically and paired with another technology such as fiber optic linear heat detectors for a robust 
means of railway tunnel fire detection.    
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ABSTRACT 
 
A series of full scale fire detection tests was carried out in the Runehamar tunnel, to investigate the 
performance of a line type heat detection system based on Fiber Bragg Grating (FBG) temperature 
sensing. A total of 30 tests were conducted, including 20 tests with a gas burner and 10 tests with 
liquid pools as the fire source. Different fire scenarios and tunnel velocities were tested with and 
without a cover surrounding the fire source. In the tests with the gas burner, various t-squared fire 
curves were tested. The results are analysed and presented with the focuses on the predictions of FBG 
temperature and rate of temperature rise, the minimum heat release rate and minimum fire growth rate 
for fire detection, and the estimation of exact fire location based on measurements of the line type 
heat detection system.  
 
KEYWORD: tunnel fire, fire detection, line type heat detection, fire scenario, temperature, rate of 
temperature rise 
 
 
INTRODUCTION 
 
Nowadays new tunnels and the upgraded existing tunnels are mostly equipped with certain types of 
fire detection systems. The main purpose is to detect the fire as early as possible so as to initiate the 
emergency plan to aid evacuation and fight the fire. There are various types of fire detection 
techniques applied in tunnels, including line type heat detection (LTHD), smoke detection, flame 
detection, visual image fire detection, CCTV system, spot heat detection and gas sensing fire 
detection. Among these detection systems, the line type heat detection is advantageous in exactly 
determining the fire location, which can be crucial for fire and rescue service and some other 
activation systems, e.g. activation of a water-based fixed fire fighting system.  
 
There have been some fire detection tests carried out in tunnels. Most of these tests were carried out in 
Europe focusing on LTHD systems. However, quite limited technical information is available in the 
literature [1]. Only four test series are relatively well documented, i.e. the 2nd Benelux tunnel fire 
detection tests in 2000/2001 [2], the Runehamar tunnel fire detection tests in 2007 [3], the Viger 
tunnel fire detection tests in 2007 [4], and the RISE fire detection test series in 2015 [5]. These tests 
were mostly conducted to check the performance of specific systems in a tunnel, but the interaction 
between the systems and the fire behaviors in tunnels with forced ventilation have not been well 
quantified. There is a clear gap between the fire dynamics in tunnels and the performance of such 
detection systems.  
 
To fulfil this need, a series of full scale fire detection tests was conducted to investigate the 
performance of a line-type optical fiber fire detection system based on Fiber Bragg Grating (FBG) 
temperature sensing under various fire scenarios in the Runehamar tunnel. The focus is on 
establishing the correlation between smoke characteristics and line type heat detectors.  
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EXPERIMENTS 
 
A total of 30 fire detection tests were carried out in the Runehamar tunnel in May, 2018, including 20 
tests with a gas burner and 10 tests with liquid pools. In the tests, different fire scenarios and tunnel 
velocities were tested with and without a cover around the fire source. 
 
The Runehamar tunnel is a two-lane asphalted road tunnel located at the southwest of Åndalsnes, 
Norway. It was closed in 1989 and is currently used a tunnel for training of fire rescue personnel and 
fire testing. The tunnel is approximately 1.6 km long, 6 m high and 8.5 m wide. The cross section is 
shown in Figure 1. The tunnel walls in the test section was protected with sprayed concrete, but the 
roughness is still high (0.1 m - 0.3 m). The fire was located about 1000 m from the west portal.  
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Figure 1.  Cross section of the Runehamar tunnel.  

 
The key concern for fire detection is the early stage of a fire, i.e. before several MWs. Li and Ingason 
[6] summarized the measured HRRs for each type of vehicle or fuel. Their data show that before 3 – 4 
MW, a medium curve is suitable for passenger cars, while a fast curve could well represent a bus fire. 
For truck fires, an ultra fast curve could represent the initial fire development. For large spilled fires, 
the fire development is so fast that detection should be easier. Therefore, in the experiments, the fast 
curve and the medium curve were tested, together with other curves for comparison.  
 
Two types of fire sources were tested, gas burner and liquid pools. The fire sources were placed along 
the centerline of the tunnel. In tests with the gas burner, different fire scenarios were considered but 
the main concern is the initial fire growth period. These tests were conducted with a gas burner where 
the heat release rate was controlled by a preset “tunnel fire simulator”, regulating the fuel flow to fit 
design curves, incl. linear, ultra fast, fast, medium and slow curves. The corresponding fire growth 
rate is 7.5 kW/s, 0.19 kW/s2, 0.47 kW/s2,0.012 kW/s2 and 0.003 kW/s2, respectively. The tested design 
fire curves are presented in Figure 4. The fire increases following the designed growth rate to a 
maximum value of either 1.5 MW or 3 MW, maintains for 2 minutes and then decay linearly to zero 
within 30 seconds. In one test, a constant fire, which maintained at 1.5 MW for 2 min and the period 
of changing was 10 seconds before and after the peak value, was also tested. The cubic gas burner 
with dimensions of 0.4 m×0.4 m×0.4 m was placed on a thin mineral wool panel at the floor. In tests 
with liquid pools, the fire source was either one or two 0.6 m× 0.6 m gasoline fuel pans, each mostly 
containing 12.5 liters of gasoline. The fire size is estimated to be around 0.7 MW and 2 MW, 
respectively. The transient mass loss rates were measured by a weighing platform at around 0.4 m 
above the floor. In most of the tests, the heat release rate was not greater than 3 MW to meet the 
temperature requirement, 120 °C, as mentioned above. To measure the burning rate, the liquid pools 
were placed on a weighing platform at around 0.4 m above the floor.  In some tests, fires underneath a 
cover, shaped as a vehicle wheel well, were also tested, see Figure 3.  
 
Three velocities were tested, i.e. 1.5 m/s, 3 m/s and 4 m/s. The maximum temperature was around 100 
Celsius degree. The velocity was obtained by controlling the mechanical fans at the east portal.  
 
The line type heat detection systems based on Fiber Bragg Grating (FBG) temperature sensing used in 
the tests were manufactured by Bandweaver. Two FBG cables (Type TMS-05) were installed with 
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one along the centerline of the tunnel (called centered FBG) and another along the centerline of one 
lane (called side FBG), both approximately 30 cm beneath the ceiling, see Figure 1 and Figure 5. The 
systems measured temperature every second with a resolution of 0.1 °C at every 6.25 m. The FBG 
sensors were placed within a 3 mm diameter steel pipe for protection.  
 

        
                        (a) A gas burner fire                                                 (b) A pool fire 

Figure 2. Photos of the two fire sources. 
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Figure 3.  A photo of the cover sample.  
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                (a) maximum fire size of 1.5 MW                     (b) maximum fire size of 3 MW 
Figure 4.  Tested design fire curves in the gas burner tests.   

 
Measurements of temperature are always related to certain response times. This is especially true for a 
FBG cable as the response time is much more significant compared to a thin thermocouple.  
The response of a FBG cable may be simplified to a cylinder exposed to hot gases, in the same way as 
for the response of a sprinkler bulb. To verify this, a series of plunge tunnel tests was conducted to 
investigate the response time index of the FBG cable. The results show that these cables can be 
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approximately assumed to be sprinkler bulbs in terms of response time and an average response time 
index (RTI) of 57 was obtained. Notice that, besides convective heat, the FBG cable also senses flame 
and smoke radiation. This effect will be further discussed later. As shown in Figure 5, thermocouples 
were installed beside the cables, every 3.125 m between -6.25 m and +25 m along the centerline, and 
every 6.25 m along the side cable and at other locations beneath the ceiling. At 25 m downstream of 
the fire, a thermocouple tree with bi-directional pressure tubes was placed. Besides, two plate 
thermometers were placed at 0 m and 12.5 m on the ceiling facing downward. In total, 20 
thermocouples were installed. In tests with pool fires, the fuel mass was measured to obtain the 
burning rate. Two cameras were used to record the fire and smoke, one at around 30 m and another 
around 15 m upstream.  Note that FBG 9 refers to the fire location and a larger number indicates 
further downstream, see Figure 5b. 
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Figure 5.  Placement of cables and measurements. 

 
RESULTS AND DISCUSSION 
 
A line type heat detection system could be activated by temperature and/or rate of temperature rise. 
Therefore, in the following analysis, these two parameters will be focused on.  
 
A comparison of the temperature measured by thermocouples and the line type heat detection system 
in one test, is shown in Figure 2. Clearly, the thermocouples and the detection system produced 
similar results, but some differences can be noticed. Firstly, the temperatures measured by 
thermocouples show more fluctuations due to its sensitivity to turbulent flows, while the values 
measured by the heat detection systems are quite steady, which in fact make the calculation of the rate 
of temperature rise easier. Secondly, the temperature measured by the detection system show a certain 
delay compared to thermocouples. These two reasons could be responsible for the lower temperatures 
measured by the FBG detection cables compared to gas temperatures registered by thermocouples. 
Thirdly, the average temperatures measured by the detection system are much higher than 
thermocouples in the vicinity of the fire, e.g. at x=0 m (the red line). This is mainly due to the fact that 
the flame radiation significantly heats up the detectors nearby the fire site, while this influence is 
insignificant to thermocouples due to their small diameter. This flame radiation impact aids the fire 
detection system to determine the fire location more accurately.  
 
Maximum ceiling temperatures 
Gas temperatures 
Li et al. [7, 8] conducted theoretical and experimental studies of the maximum excess gas temperature 
below the ceiling based on an axisymmetric fire plume theory. They found that the maximum ceiling 
excess gas temperature can be classified into two regions, depending on the ventilation velocity. Each 
can be divided into two sub-regions. The first sub-region exhibits a linear increase which transits into 
a constant period, depending on the fire size, ventilation and effective tunnel height [7, 8]. For the 
purpose of early detection of a tunnel fire, the maximum temperature of key concern in this study is 
mostly lower than 120 °C, and the equation proposed by Li et al. [7, 8] can be simplified into the 
following correlation: 
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2/3

max 5/3 1/3 5/3min(17.5 , )
ef o fo ef

Q QT
H u b H

∆ =
& &

                                                 (1) 

 
where Q&is heat release rate (kW), oρ is ambient density (kg/m3), cp is heat capacity (kJ/kgK), To is 
ambient temperature (K), g is gravitational acceleration (m2/s), uo is the longitudinal velocity (m/s), 
Hef is the effective tunnel height, and bfo is the equivalent fire source radius (m). The first term on the 
right hand side refers to a dimensionless velocity V’ < 0.19 and the second term for greater V’. 
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                            (a) Thermocouple                                   (b) Line type heat detection system 
Figure 6.    Comparison of temperature measured by thermocouple and the detection system in test 1 

for a linear fire up to 1.5 MW.  
 
 
A comparison of the test data for gas temperature obtained in this study, the experimental data from 
Li et al. [8], and the full scale fire tests in Roslags tunnel by Ingason et al. [5], is shown in Figure 7, 
where Eq. (1) and two fitting lines are also plotted for comparison. Clearly, Eq. (1) somewhat 
overestimates the gas temperatures lower than 120 °C, but the correlation is better after the 
temperature is higher than around 120 °C, which can be found in the literature [7, 8].  
 
It can be found that the test data from this study and the Roslags tunnel tests are systematically lower 
than the test data by Li et al [8]. There could be several reasons for this. Firstly, the thermocouples in 
this study were placed beneath the ceiling with an interval of 3.125 m in the vicinity of the fire, in 
comparison to the tunnel height of around 6 m. For the fire tests in the 6.6 m high Roslags tunnel, the 
interval was 5 m, in comparison to the tunnel height of around 6.6 m. Therefore, the most probable 
case is that the thermocouples did not measure the maximum ceiling gas temperature. In the Li et al.’s 
model scale tunnel fire tests, the interval was 0.1 m in comparison to the tunnel height of around 0.4 
m. Therefore, the likelihood of obtaining the maximum ceiling gas temperature is highest in Li et al.’s 
tests [8]. Secondly, the duration corresponding to the maximum heat release rate was relatively short 
in the fire detection tests conducted in this study (i.e. 2 min for gas fires) and in the Roslags tunnel 
tests. For pool fires in this study, the maximum heat release rates during the whole burning periods 
were used to make the estimations, and the corresponding period is also relatively short. In Li et al’s 
tests [8], the temperatures corresponding to a quasi-steady state were obtained. Therefore, the gas 
temperatures registered by the thermocouples are mostly lower than the data obtained by Li et al [8]. 
A better fitting of Li et al’s data concerning is proposed here for estimation of maximum ceiling 
excess gas temperatures below 150 °C: 
 

2/3
1.22

max 5/3 1/3 5/3min[17.5 ,0.32( ) ]
ef o fo ef

Q QT
H u b H

∆ =
& &

                                            (2) 

 
The first term on the right hand side is included for completeness, which is only useful when the 
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velocity is low, i.e. V' <0.19. The above correlation could be used to predict temperatures with an 
interval of 0.25H or lower. Due to the reasons mentioned previously, the maximum ceiling excess gas 
temperature measured by thermocouples with an interval of around 0.5H - 1H within a short period of 
continuous burning (from detection point of view) are lower than the real maximum ceiling gas 
temperature at the quasi-steady state. It could be estimated by the following correlation based on 
fitting the test data from this study and the Roslags tunnel tests for fire detection: 
 

2/3
1.22

max 5/3 1/3 5/3min[13.1 ,0.24( ) ]
ef o fo ef

Q QT
H u b H

∆ =
& &

                                            (3) 

The above correlation can help us understand how the fire size and the ventilation affect the detection 
system.  
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Figure 7.    A comparison of measured maximum excess temperature beneath the tunnel ceiling with 

the experimental data from the literature (Region II).  
 
In the tests, thermocouples were installed along both the center line of the tunnel and along one side 
of the tunnel. It could also be interesting to know their differences in temperatures. A comparison of 
centered and side maximum ceiling gas temperatures is shown in Figure 8. Clearly, the majority of the 
data lie beside the equal line, indicating small differences between them. However, it can be noticed 
that for some data points at x=6.25 m, the center temperatures are higher than the side temperatures. 
By analyzing these test data, it is found that these data mostly correspond to the velocity of 3 m/s. The 
lower temperatures at these tests could be mainly due to the fact that under such a velocity, there is no 
backlayering and all of the smoke was blown towards the downstream side. The temperature is not 
uniformly distributed along the radius of the plume. For a centered fire, the temperature along the 
centerline is slightly higher than the one at the side. Besides, the lower position of the side 
thermocouples (see Figure 1) may also play a certain role. Note that if the fire was placed at the side, 
the thermocouples at the sides would probably measure higher temperatures than the centered ones in 
the vicinity of the fire.  
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Figure 8.     A comparison of centered and side maximum ceiling gas temperature in the tests.  
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FBG temperatures 
Measurements of temperature are always related to certain response times. A thin thermocouple 
responds very fast and its response time is generally negligible due to the small dimensions, while the 
response time of the line type heat detection cable normally needs to be considered. A comparison of 
maximum excess temperatures from FBG and thermocouples along the centerline of the tunnel is 
shown in Figure 9(a). The maximum gas temperatures are generally higher than those measured by 
FBG cables. There is a relatively good linear correlation between the gas temperature and the FBG 
temperature. A good fitting is y=0.7x. The lower temperature measured by FBG could be due to the 
following reasons: (1) The FBG data corresponds to average temperature while the gas temperature 
fluctuates in a turbulent smoke flow; (2) The FBG data have certain delays and thus may not measure 
the steady state value due to the limited duration of burning.   
 
It is noticed in Figure 9(a) that one data lies far above the fitting line which has a maximum ceiling 
excess gas temperature of around 15 °C and a maximum FBG excess temperature of around 25 °C. 
This data comes from the pool fire test 22 with 3 m/s. In this test, the highest temperature was 
registered by the FBG sensor right above the fire source and there was no backlayering. Therefore, 
this should be attributed to the flame radiation. It could also be noticed that there are two data with 
excess gas temperature of around 30 °C are below the fitting line. These two data come from test 4 
and test 13 with 3 m/s. The reason is that much higher excess gas temperatures were obtained due to 
the large fluctuations of gas temperatures registered by the thermocouples.  
 
Overall, there is a relatively good correlation between the maximum ceiling excess FBG temperature 
and the maximum ceiling excess gas temperature along the centerline of the tunnel. 
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                                  (a) centered                                                              (b) side 
Figure 9.    A comparison of maximum excess temperatures from FBG and thermocouples.  
A comparison of maximum excess temperatures from FBG and thermocouples at the side of the 
tunnel is shown in Figure 9(b). A similar trend can be found in this figure. The maximum gas 
temperatures are also systematically higher than those measured by FBG cables. But the difference is 
slightly smaller compared to Figure 9(a). The correlation between the gas temperature and the FBG 
temperature could be fitted with y=0.8x.  
 
The data for both centered and side measurements may be plotted in one single graph (see Figure 10). 
A good fitting could be: 
 

2/3 2/3
1.22 1.22

max,FBG 5/3 1/3 5/3 5/3 1/3 5/30.75 min[13.1 ,0.24( ) ] min[9.8 ,0.18( ) ]
ef o fo ef ef o fo ef

Q Q Q QT
H u b H H u b H

∆ = × =
& & & &

       (4) 

 
Note that the data for the above equation refer to maximum ceiling excess temperatures below 150 °C 
and FBG temperatures below 100 °C. In the tests, the velocity was relatively high, i.e. V’>0.19.  

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

543



0 20 40 60 80 100
0

20

40

60

80

100
 Gas fires, center
 Pool fires, center
 Gas fires, side
 Pool fires, side
 y=0.75x

 

 

 
 

 
 

    

+15 %

-15%

 
Figure 10.    A comparison of maximum temperatures from FBG and thermocouples.  
 
The measured temperatures from the centered FBG cable and the side FBG cable are compared in 
Figure 11. Note that the fire was placed along the center line of the tunnel. Clearly, a very good linear 
correlation can be found in Figure 11. Although the centered FBG data are slightly greater than the 
side FBG, the difference is rather limited in most cases. This is different to the gas temperature where 
the center and side temperatures show significant differences for gas temperatures above 40 °C 
(Figure 8). The main reason should be that the radiation from the flame and smoke plays a key role in 
the heat transfer to the FBG cables in such fire scenarios. So even there is a relatively large difference 
in gas temperatures, the data measured by the centered and side FBG cables are still similar.  
 
Influence of cover 
The comparison of maximum temperatures measured in the gas fire tests with and without the cover is 
given in Figure 12. As the cover affects the burning of liquid pool fires, a direct comparison of 
temperature is not fair for those tests. Therefore, only the results from the gas fire tests are directly 
compared in Figure 12. Clearly, there is a very good linear correlation between the maximum 
temperature measured at the center and at the side, for temperatures measured both by thermocouples 
and FBG cables. The best fitting of the data is y=0.82x, indicating the temperature in the tests with the 
cover is around 18 % lower than that in the test without the cover. This should be attributed to the 
enhanced air entrainment of the vertical fire plume. As V’>0.19, both gas temperatures and cable 
temperature varies with the effective tunnel height: 5/3 1.22

max (1/ )efT H∆ ∝ . In such cases a decrease of 18 
% in temperature corresponds to an increase of 0.47 m in the effective tunnel height. This is 
equivalent to a virtual fire source 0.56 m below the fire source surface. Alternatively, this enhanced 
entrainment may be regarded as the increase in the air entrainment coefficient, which is around 1.13 
times the one without cover as 4/3 1.22

max ( )T α −∆ ∝  where α is the entrainment coefficient [1, 9].  
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Figure 11.    A comparison of maximum temperatures by centered and side FBG cable in the tests.  
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Figure 12.    A comparison of maximum temperatures measured by thermocouples and FBG in the 
gas fire tests with and without the cover.  

 
Comparison with the prediction models 
The prediction models proposed in the above analysis are used to compare with the measured test 
data. The comparison of calculated maximum ceiling excess gas temperature using Eq. (6) and the 
measured values with and without the cover is shown in Figure 13(a). In the calculation, the 
temperatures with the cover is considered 18 % lower than those without it, as discussed previously. It 
is shown that most of data lie beside the equal line within 15 %. The calculated and measured 
maximum ceiling excess gas temperature correlate very well. This indicates that the models predict 
the maximum ceiling gas temperatures very well.  
 
The comparison of calculated FBG excess temperature using Eq. (8) and the measured values with 
and without the cover is shown in Figure 13(b). Same assumption applies to the case with the cover. It 
is shown that most of data lie beside the equal line within 25 %. The calculated and measured 
maximum ceiling excess gas temperature correlate relatively well. This indicates that the models 
predict the maximum ceiling gas temperatures relatively well.  
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                              (a) Gas temperature                                            (b) FBG temperature 
Figure 13.    A comparison of measured and calculated maximum gas and FBG temperature.  
 
 
Rate of temperature rise (FBG cable) 
 
The rate of temperature rise is one of the key parameters for fire detection. Figure 14 shows the 
centered FBG temperatures at12.5 m downstream in the tests with 3 m/s and various fire growth rates. 
Clearly, the FBG temperature increase more rapidly for a faster growing fire. Further, the maximum 
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values for FBG temperature are approximately the same for various fire curves with a given 
maximum heat release rate of 1.5 MW.  
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Figure 14.    Center FBG temperature at 12.5 m in test with 3 m/s and various fire growth rates. 
 
Figure 15 shows the effects of various influencing factors on maximum rates of temperature rise. 
Clearly, the maximum rates of temperature rise increase rapidly with the increasing maximum fire 
growth rates for a given velocity (see Figure 15(a)), decreases rapidly with the increasing air 
velocities (see Figure 15(b)), as expected. Further, the maximum rates of temperature rise with the 
cover are lower than those without the cover, within around 25 % (Figure 15(c)). This is in 
accordance with the comparison of temperatures with and with the cover (around 18 % for 
temperature). Figure 15(d) shows the comparison of maximum rates of temperature rise measured by 
the center and side FBG cables. Most of test data lie beside the equal line within 25 %, while some 
test data show larger deviations, indicating that the rate of temperature rise at the center is higher. This 
in reality is in accordance with the temperature comparison between the centered and side FBG 
cables, as shown in Figure 11.  
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Figure 15.    Maximum rates of temperature rise vs various influencing factors. 
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Comparison with the prediction model 
If the fire heat release rate curve is known, the rate of temperature rise could be directly linked to the 
time. For example, if a t-squared fire Q=αt2 is applied, we have: 
 

max,FBG 1.22 1.22 1.44
1/3 5/3

10.43( )
o fo ef

d T
t

dt u b H
α

∆
=                                        (5) 

 
Or if a linear fire Q=αt is applied, we have: 
 

max,FBG 1.22 1.22 0.22
1/3 5/3

10.22( )
o fo ef

d T
t

dt u b H
α

∆
=                                         (6) 

 
The above two equations will be applied to estimate the rate of temperature rise by FBG cable.  
 
Gas fires 
A comparison of measured data and the calculations is presented in Figure 16. Note that although the 
temperature curves measured by FBG cables are smoother than the gas temperatures registered by 
thermocouples, there still exist large fluctuations. Therefore, while calculating the rate of temperature 
rise, the values were averaged within a certain period. In Figure 16, the measured rate of temperature 
rise is estimated by averaging values within 30 seconds.  
 
It is shown in Figure 16 that the correlations predict the rate of temperature rise relatively well. Most 
data lie beside the equal line. It can also be noticed that for rate of temperature rises lower than 10 
oC/min, the measured values are slightly higher. This could be attributed to the flame radiation, which 
is not considered in the simple prediction models for simplicity.  
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Figure 16.    A comparison of measured and calculated maximum rate of temperature rise.  
 
Pool fires 
The heat release rate curves obtained from the pool fire tests are highly transient and show large 
fluctuations. This results in very large fluctuations in the rates of FBG temperature rise if they are 
directly calculated from the heat release rate curve. To avoid this problem, the FBG temperature is 
calculated by using the integral method and then the rate of temperature rise is calculated.  
 
The response of a FBG cable could be simplified to a cylinder that is exposed to hot gases, in the 
same way as for the response of a sprinkler bulb. It is known that for a given gas temperature (Tg), the 
response time index (RTI) can be expressed as follows [10]:  
 

1/2( ) [ ( ) ( )]
RTI g

d T t u T t T t
dt
∆

= ∆ −∆                                         (7) 

 
where u is gas velocity (m/s), t is time (s), ΔT is excess FBG temperature (°C) and ΔTg indicates 
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excess gas temperature. Note that the excess gas temperatures can be predicted from the known heat 
release rate curves by Eq. (7). For gas temperatures lower than 100 °C, the velocity of fresh air flow 
might be used for the gas velocity, u, in a rough estimation.  
 
Figure 17 shows the comparison of measured and calculated maximum rate of temperature rise. Both 
test data and calculation results for rate of temperature rise are averaged within 30 seconds. Clearly, 
rather good agreement can be found between the measured and predicted values. The comparisons 
presented here further confirm the reasonability of the above correlations. But it should be noted that 
the flame radiation was not considered in Eq. (13), which could result in some uncertainty for the 
FBG sensors right above the fire source.   
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Figure 17.    A comparison of measured and calculated maximum rate of temperature rise. Both test 

data and calculated results for rate of temperature rise are averaged within 30 seconds. 
 
Identification of fire location 
 
Position of maximum gas temperature 
A schematic diagram of the position of the maximum ceiling temperature in a tunnel fire is shown in 
Figure 18. The horizontal distance between the position of the maximum ceiling temperature and the 
fire source centre is LMT. Li et al. [11] defined an angle, φ, as the angle between the horizontal line and 
the line connecting the fire source centre and the position of the maximum ceiling temperature.  
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Figure 18.    A diagram of flame angle and position of maximum ceiling gas temperature [11]. 
 
Li et al. [11] proposed the following equation to predict the horizontal distance between the position 
of the maximum ceiling temperature and the fire source centre (shift distance), LMT, can be simply 
calculated (see Figure 18) [11]: 

cotMT efL H ϕ=                                                                   (8) 

where the angle can be estimated by the following correlation for small fires (Q*<0.15): 
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where dimensionless velocity is defined as follows: 
1/3/ ( )o

fo o p o

gQV u
b c Tρ

′ =
&

 

 
In the above equations, Ltraj is the length of the trajectory of the plume (m), and Hef  is the effective 
height (m), i.e. the vertical distance between the tunnel ceiling and the bottom of the fire source 
(flame). Note that when the ventilation velocity is very low (V’<0.19), the plume is not inclined by 
horizontal wind (or at least to a negligible degree), so the flame angle should approach 90 degree.  
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Figure 19.    The angle and dimensionless ventilation velocity. The interval between thermocouples 

was 3.125 m.  
 
Note that the interval between thermocouples was 3.125 m. Therefore, the position of maximum 
ceiling gas temperature determined based on temperature distribution refers to an error between  -
3.125 m and 3.125 m. This uncertainty range could be narrowed down to – 1.56 m and + 1.56 m (50 
% of 3.125 m) for a rough estimation of the fire location.  
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Figure 20.    Comparison of position of maximum ceiling gas temperature. An approximate error bar 
of ±1.56 m is also plotted.  

 
Identification of fire location by FBG 
It is convenient to identify the fire location if there is another obvious peak next to the highest peak in 
the FBG temperature distribution along the tunnel. A comparison of the distributions of FBG 
temperature and FBG rate of temperature rise in test 2 is shown in Figure 21. It clearly shows that for 
the FBG temperature distribution, there are two obvious peaks, i.e. an upstream peak and a 
downstream peak. The reason for the downstream peak is due to the impingement of fire plume tilted 
by tunnel ventilation. The reason for the upstream peak is mainly due to the flame radiation.  
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Figure 21.    Comparison of distributions of maximum FBG temperature and rate of temperature rise 

along the tunnel in test 2.  
 
In such cases, the upstream peak generally refers to a position very close to the fire site, even if the 
fire may lie between two FBG sensors. The existence of two peaks of FBG temperatures mostly 
occurs when the ventilation velocity is of a relatively high value and the fire plume was blown 
towards the downstream. In such cases, the velocity is generally greater than around 2.5 m/s. It can 
also be seen from Figure 21 that the distribution of rate of temperature rise is different and there are 
no clear two peaks for the rate of temperature rise. By analyzing all the test data, it is found that the 
existence of two peaks in distribution occurs more often for FBG temperatures.  
 
Figure 22 compares the measured shift distance based on rate of temperature rise and the calculated 
shift distance using Eqs. (14) and (15). An approximate error bar of ±3.125 m is also plotted. It is 
shown in Figure 22 that all the data are close to the equal line, indicating a good agreement between 
the calculated shift distance and the measured one based on rate of temperature rise.  
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Figure 22.    Comparison of calculated positions of maximum ceiling temperature and measured 

values based on distributions of rate of temperature rise.   
 
Alarm threshold and minimum HRR for detection 
To avoid false alarms due to signal noise under normal operation, lower thresholds need to be set. The 
lower thresholds can be obtained by analysis of the measured FBG data for a given tunnel. These 
parameters are mainly affected by the tunnel geometry, ventilation conditions, weather conditions and 
the vehicles running in the tunnel. It is generally several K/min for rate of temperature rise.  
 
For a given fire scenario in a tunnel with a certain velocity, the temperature and the rate of 
temperature rise could be known at a given time. They can be approximately estimated by the 
prediction models proposed in this work. These parameters are defined as the upper thresholds, which 
corresponds to the response of the system to a given fire scenario. Note that if the measured data (the 
upper thresholds) are less than the lower thresholds, the system fails as it considers the signal as a 
false alarm, e.g. if a fire is very small in size.  
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The temperature is highly dependent on the heat release rate, Q. However, different to the 
temperature, the rate of temperature rise is highly dependent on the fire growth rate, dQ/dt. To detect 
a slow growing fire with a small fire growth rate, the criterion for temperature may be triggered first. 
To detect a fast-growing fire with a small maximum heat release rate, the criterion for the rate of 
temperature rise may be triggered first. It is recommended to combine these two parameters for an 
early fire detection.  
 
The minimum heat release rate for detection is investigated here to understand the detection 
behaviors. The minimum heat release rate is estimated based on the models proposed. It is assumed 
that the upper thresholds equal the lower thresholds, in order to estimate the minimum HRR for 
detection. If a fixed temperature (Tmin) or a temperature rise above ambient (ΔTmin) is used as one of 
the detection criteria (i.e. minimum temperature criterion), the minimum HRR (kW) to achieve this 
temperature can be obtained by the following correlation: 
 

SET SET

5/2 3/2 1/3 5/3 0.82
min max(0.033 ,4.1 )ef o fo efQ H T u b H T= ∆ ∆&                        (16) 

 
If a fixed rate of temperature rise, (dT/dt)min is used as one of the detection criteria (i.e. rate of 
temperature rise criterion),  the minimum HRR (kW) to achieve this value can also be estimated. By 
differentiating Eq. (7) with respect to time t, we can obtain the correlations related to the rate of HRR 
rise (Fire Growth Rate, FGR) that corresponds to the threshold for the rate of temperature rise. In 
other words, the minimum FGR that corresponds to the threshold for rate of temperature rise can be 
expressed as follows:  
 

1/3 5/3 0.22 1/3 5/3 1.22
min min min minFGR ( ) max[0.15 ( ) , 4.6 ( ) ( ) ]ef o fo ef

dQ dT dTQ H Q u b H
dt dt dt

−= =
& & &                (10) 

 
Note that the correlations have been validated against test data for both temperature and rate of 
temperature rise under forced ventilation. However, the left term on the right-hand side for scenarios 
with low ventilation is directly corrected from the previous model, using the same factor as for 
scenarios with high ventilation. Further validation may be required.  
 
From the above correlation, it is known that, if a fixed rate of temperature rise, (dT/dt)min is used as 
one of the detection criteria, the fire growth rate, dQ/dt, plays a key role in the fire detection, but the 
HRR, Q, also slightly affects the dT/dt. In both cases, the minimum HRR or minimum FGR for fire 
detection is highly dependent on the tunnel ventilation velocity and tunnel height.  
 
 
CONCLUSIONS 
 
A series of full scale fire detection tests was carried out in the Runehamar tunnel, to investigate the 
performance of a line type heat detection system based on Fiber Bragg Grating (FBG) temperature 
sensing. Different fire scenarios and tunnel velocities were tested with and without a cover 
surrounding the fire source.  
 
Gas temperatures measured by the FBG cables are generally slightly lower than the gas temperatures 
registered by thin thermocouples as there is a certainty delay (response time) for the FBG cables in 
response to the heat. FBG cables have been found to respond in a similar way as a sprinkler bulb. The 
theoretical model for response time could be used to estimate the temperature change of FBG cables, 
however, for the cable right above the fire where a significant temperature rise may exist purely due 
to the flame, the radiation from the flame should also be considered in the theoretical model. Simple 
correlations to predict both the gas temperatures (i.e. Eq. (6)) and FBG temperatures (i.e. Eq. (7)) are 
also proposed for fire detection based on previous studies and verified using test data.  
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The rates of temperature rise obtained from FBG measurement are more stable and consist of less 
noises, compared to thermocouples, as the response delay of FBG smoothens the temperature rise 
while a thermocouple responds very fast. Therefore, regarding the rate of temperature rise, it is more 
convenient to use the data from FBG measurements for fire detection purpose. Simple correlations to 
predict the rate of FBG temperature rise are proposed and verified using test data. 
Thresholds for both temperature and rate of temperature rise are recommended to be used as criteria 
for a fire detection. Simple correlations to predict the minimum HRR and FGR are proposed, i.e. Eq. 
(16) and Eq. (17). 
 
The shift difference due to the influence of wind needs to be corrected to determine the fire location.  
Li et al.’s correlation [11] is verified against test data for gas temperature and rate of FBG temperature 
rise.  
 
The difference in the temperatures measured by the centered FBG cable (right above the fire) and the 
side FBG cable (2.25 m away from the center) is relatively small, mostly within 15 %. This difference 
is much less than that between the centered and side thermocouples. Regarding the rate of temperature 
rise, the difference between them is mostly within 25 %, but there appears to be a tendency that the 
center FBG corresponds to a slightly higher rate of temperature rise. 
 
In the tests with the cover, both temperatures and rates of temperature rise are lower than without it by 
18 % and 25 %, respectively. This should be attributed to the enhanced entrainment due to the 
existence of the cover. The influence could be treated as an increase in the air entrainment coefficient, 
or an increase in the effective tunnel height.  
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ABSTRACT 
 
A key role for which some sensors have been developed is to be used in many applications that can be 
life-critical such as with fire. This article is about a number of experimental studies aimed at exploring 
and identifying sensors opportunities to detect gases emitting on a mining vehicle prior a fire is a fact. 
The conducted tests showed that some sensors have the potential to detect e.g. oil mist caused by 
broken hydraulic oil hoses and other hydrocarbons emitting on a mining vehicle before a fire is a fact. 
Though with some challenges relating to the distance between the sensor and emitting source. 
Another challenges has to do with data gathering. Digitization and online monitoring of data being 
gathered 24/7 has given rise to several opportunities for the mining industry as for example online 
supervision of the daily production but also challenges like increased number of networked users and 
demand for real-time communication and requirements on minimal latency. Minimal latency is also a 
prerequisite succeeding with switching to a fully autonomous operation. The mining operations can be 
described as a hazard and dirty environment with a deep mining shaft that makes wireless 
communication difficult. With a fully autonomous mining operation exceptional signals and data 
collection for planning, monitoring and controlling requires new ideas in order to minimize the risks 
in such operation. Part of that solution may be to gather data from several different types of sensors 
placed in the mining processes. Sending the sensor data to an overall system with predefined warning 
and alarm setpoints enables the possibilities with early alarms that allow production personnel to react 
before it becomes too late. The article concludes by discussing possible diagnostics and decision-
making solutions to supports rescue efforts depending on the scenarios that may arise to be included 
in an artificial application. 
 
KEYWORD: fire, gases, underground facilities, sensors, safety, early diagnoses 
 
INTRODUCTION 
 
Apart from the digitization journey the energy revolution and electricity mobility are additional focus 
areas that will affect the mining industry and how they will operate it in the future. Ventilating a mine 
today stands for approximately 49% of their total energy use [1]. 1 % of Sweden’s total energy use 
relates to the mining business. The Swedish government has set the goal to become a fossil-free 
country by year 2045. This has encouraged that several tests are being conducted in order to replace 
the mining truck fleet operated by diesel to be powered by batteries.  
 

 
Figure 1      Diesel vs battery driven mining vehicle, picture by Epiroc 
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From one of those tests (at Aitik, Boliden) it was shown that greenhouse gas emission can be reduced 
by 80% on the routes where battery driven mining trucks can be implemented [2]. Additional 
advantages, shown in Figure 1, except from carbon dioxide reduction and reduced need for 
ventilation, see second bar in Figure 1, is that it will provide a cleaner and healthier working 
environment for the miners. Furthermore, maintenance costs are estimated to be reduced with battery 
driven mining vehicle due to less handling with engines and oil, see third bar in Figure 1. Despite that 
the initial cost for purchasing a battery driven mining vehicle is higher, see first bar in Figure 1, the 
total costs for running it will be less throughout its life cycle and allows for a reduced environmental 
impact on the world, see fourth bar in Figure 1. Despite the positive stated results also new challenges 
and risks have been encountered. Some of the risks relates to if a fire breaks out on battery-powered 
vehicles and concerns: 
 

• Ventilation and evacuation [3] 
• Smoke and fire dynamics [4] 
• Fire and mitigation suppression [4]  
• Released gases which are both flammable and toxic [3]. The commercial Li-ion cells release 

toxic fluorine gases such as hydrogen fluoride (HF) and other harmful gases if undergoing 
failures [5-6] 

 
Currently Sweden has about 20 active mines that produce minerals such as iron, copper, gold and 
silver though no coal. Risks that may occur both in an open pit and underground mine [7] are for 
example: 

• Fires 
• Toxic Gases 
• Sink Holes 
• Slope Failure 
• Roof Collapses 
• Floods 
• Rock Bursts 

 
BACKGROUND 
 
Fires are among the most dangerous situations that can occur in an underground mine. According to a 
study [8, 9], shown in Figure 2, a fire occur nearly once per week and the main reason for fire are 
caused by mining vehicles in the Swedish mines. Even if the study shows figure from year 2008 to 
2012 the number of fires occurring in the Swedish mines remains unchanged today [10]. Fire 
occurrence is evenly distributed between all active mines in Sweden. 

 
Figure 2 Fire statistic for Swedish mines [8] 
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The main cause of fire in underground facilities globally are vehicles and mobile equipment [11-13] 
and they make up 70 to 75 % of all fires that occurs in the mines. Vehicle related fires in mines are 
most often caused by: 

• Leakage of flammable liquids, that are sprayed onto hot surfaces [8] 

• Cables and hydraulic hoses [3] 

• Fault and overheating of equipment, e.g. engines [3] 

• Worn tires [3] 

• Cable reel [3] 
 
An capsized mining vehicle can produce a very high heat release rate (HRR) and temperature (⁰C) 
[3,8], as in example Figure 3, which can cause rock movements so that part of the mine becomes 
unusable, and cause long production stops, until the rock wall has been secured again. In addition, 
it entails extensive remediation work and, in the worst case, fatal outcome. This strain the mining 
production with increased costs as a result, but not least the risk which miners are exposed to. 
 

 
Figure 3 HRR for an overturned mining vehicle [8] 
 
This shows why  the mining industry have great interest to be able to diagnose and detect such 
situation early in an underground mine ensuring actions is taken before a fire is a fact. This will 
become even more important in a fully autonomous mining operation. Today miners are trained to act 
as firefighters and start the extinguishing activity until the fire department arrives at the site which can 
take in normal cases between 45 minutes up to one hour but in worse case even longer.  
A fully autonomous mine will have none or very few miners underground that will be able to support 
this activity in the future. This requires solutions that support smart inspections that can detect early 
changes in production before the situation develops into a dangerous state. Thus, sensors will play a 
key role in such solution. Detection of changes on the vehicle objects in an early phase will need to be 
able and communicate that to an overall operation system [14-15]. Sensor network [7] is a possible 
part of a solution and is recommended for early detection of hazards and the advantages has proven to 
be ease of deployment, ultra-low power consumption, automated measurement ability, versatility and 
cost-effectiveness. 
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When computing was introduced to the industries it was performed locally and close to the process 
concerned, requiring substantial computing power embedded into the relevant devices, such as robots, 
automation controllers and sensors as shown in Figure 4. With the advent of today’s cloud, it has 
made it possible to locate computing capabilities into high performance data centers, as shown in 
Figure 5, and thereby reduce local requirements. This transformation is driven by local computing 
devices e.g., smartphones or tablets, to become more mobile resulting in being less able to hold and 
process data. However, moving data and processing it in the cloud is not always an advantage 
considering the issues with latency e.g. process sensors often control actuators that must react quickly 
to keep the process on track. In addition, the bandwidth is occupied by large data transfers.  
Data privacy is another reason for leaving data where it is generated. Furthermore, anything that is 
required to keep a process safe and stable is benefitting being executed close by [16]. Mining is 
hazardous and from a manufacturing system perspective challenging and unconventional. Future 
mining is predicted to completely develop into an autonomous operation. The, safety and security 
issues of such production are, amongst others, important aspects in order to succeed with this 
transformation. Developing an autonomous mining manufacturing system has proven to be 
challenging due to inadequate connectivity and non-uniform manufacturing environment. Part of 
solving the connectivity issue, some mining industries are investing in and installing information 
system and information technology infrastructure (IS/IT) to provide connectivity to the overall control 
system. This connectivity creates possibility to develop new applications that will support to plan, 
monitor and control the production online around the clock. 
 

 
Figure 4 IS / IT development phases influencing the Industry 
 
Another initiative that will support this transmission is 5G, with the speed 10 Gbit/s which the data 
will be able to communicate, Figure 5. However, 5G is not enough solving the latency issue for the 
mining business. Why Edge computing [16] can look promising and become part of such a solution, a 
design feature enabling real-time communication and it prioritize data transfer, thus reducing latency 
and saving bandwidth. Fog computing allows what in the cyber-physical system (CPS) and cyber-
physical production system (CPPS) [17-18] is called, data acquisition and data conversion. Two 
challenging topics in the mining facility due to e.g. rock walls severely inhibiting wireless 
communication and the harsh environment being detrimental to sensors. Given this it seems beneficial 
providing the mining vehicle with critical but limited analysis functions so that the vehicle can 
continue with its operation without too long response times.  
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Figure 5 User experiences with 5G and Fog Computing 
 
When connectivity and data acquisition have a solution in place for the mining process, it opens for 
new opportunities utilizing machine learning and artificial intelligence [19], shown in Figure 6, to 
further support the business. AI and ML are buzzwords that are gaining more and more trust in the 
industry today than 30 years ago when the industry started experimenting with it [20]. One reason for 
this development is due to the self-learning software making an entrance into the market today. This 
makes it possible to minimize a time-consuming task, which programming, and maintenance of the 
ML & AI application previously did, but also visible results show the benefit for the industry, 
explaining why it is now gaining greater acceptance. An application where deep learning, ML and AI 
can be found, is in the smart car industry. 

 
Figure 6       The relationship between AI, ML and deep learning (DL), [19, 21] 

 
 METHODOLOGY 
 
The idea with this research project is to explore and understand the dynamics between sensors and 
their possibility detecting gases that emits prior to a fire starts evolving on a mining vehicle. The goal 
for Epiroc is to mount some sensors on their mining vehicles to enable data acquisition 24/7 and 
facilitate the information and data into a safety system. Example of such an overall safety system is 
Mobilaris, shown in Figure 7, an Epiroc partner. The system is positioning and locating the miners 
and presents important key performance indicator (KPI) information concerning the mining vehicle.  
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Figure 7 Example: safety system for underground facilities (provided by Mobilaris) 

 
During year 2017-2019 a number of sensors were tested regarding their capability to detect 
irregularities, such as emissions or elevated temperatures see examples in table 1. In addition, the idea 
of the study is to discuss where possible the sensors can best be mounted both to ensure detection but 
also not to expose the sensor to harsh environments. Next step will include gathering of online signals 
around the clock from the sensors sent to a central control system with predefined setpoints enabling 
warnings and alarms. This will provide insight about the gas levels (for example hydrocarbons) in the 
mine shaft so that an operator can control the ventilation and create a reasonable working 
environment. At the coming conceptual test gas data will be sent from the sensors via the mining 
vehicle system to the overall Epiroc system Certiq which in turn communicates with Mobilaris.  
 
Table 1 Example of parameters interesting to measure or analyse on a mining vehicle or in its 

vicinity 

  CO 
Hydrocarbon 

(gas) 
Hydrocarbon 

(particles) 
Temperature 

°C Comment 
Engines, wheel axles and 
bearings   x x x Overheating 
Cables x x x x Overheating 
Motor oil       x Tracing leakage 
Hyrdraulic oil   x x    
Battery   x   x   
Tires     x x   

 
All sensors included in the conducted tests were mounted on a frame construction with wheels, as in 
Figure 8. This made it possible to vary the position of the sensors relative to the emitting source and 
thereby the distance when the sensor was reacted or not, could be verified. In addition, the set-up of the 
lab equipment was allowing to be angled, to simulate inclines on a mine road to observe if it had any 
effect on the sensors. A fan was used for simulating ventilation in order to determine how the sensors 
reacted to disturbance. Furthermore, a mist and humidity are simulated with a water boiler to determine 
the effect on the reaction capacity of the sensor. In the third test series, see table 4, the sensors were 
placed in a “compartment” to simulate e.g. the engine room or other cramped spaces on a mining 
vehicle. As emitting sources, cable types, which normally are mounted on Epiroc´s mining vehicles 
were tested, e.g. signal and low voltage cables (24V DC), vary from thinnest 0.34 mm² to the thickest 
2.5 mm², see table 3 and 4 for more cable size information. In table 3 and 4 some of the tested cables 
can be found. In table 1, sample from the first test series is shown whilst in table 4 results from utilizing 
a fan and encapsulated sensors. Cables with high current and voltage above 400 V can be found in the 
rear and middle part of the vehicle. Communication- and signal cables for sensors and actuators are 
mounted all over the vehicle, from the lowest floor part up to the top of the booms carrying the drill 
unit for a drill rig, with limited protection 8 m above ground. The cables length is everything from 0.5 
m up to 15 m. The material of the cables varies from polyvinyl chloride (PVC), polyethylene (PE), 
polyurethane (PUR) to halogen free (not specified plastic type). 
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Figure 8 Test equipment at RISE fire lab, used during all test series in Borås 
 
These can emit e.g. hydrocarbons, cyanides, hydrochloric acid, etc. with serious effects [3]: 

• PVC provides hydrochloric acid, which can be harmful mainly for equipment.  

• Cyanides are acute toxic to humans.  
• Hydrocarbons can cause long-term injuries, type of respiratory problems and, in the worst-

case cancer. 

All sensors included in the tests are listed in Table 2. Some were included in all test cases, while those 
that did not show any or with less sensitivity were excluded. 
 
 Table 2 Tested sensors 

 
 

First test series was performed at RISE Fire Lab facilities in Borås, Sweden. It was focusing on the 
sensor detection capabilities. For 2 days several different cables were stress tested with an average of 
25 min per test and cable. Several repetitions per test case were performed to ensure that it was not a 
one-off event. The tests were conducted by heating different cables by imposing a voltage and current 
to the cables, which were increased as the test progressed, until they began to emit gases.  Oil mist 
was simulated to verify if any sensor is suitable for detecting this. For the simulation purpose 556 
Spray was used. A follow up test series was later performed at Mälardalens University chemistry lab, 
to redo some tests for parameters that could not be fully observed during first time due to technical 
issues on some sensors.  

Sensor Measures
Fotovac, PID, Photo ionization Conc, VOC (ppm)
Lutron Rh, relative humidity
Lutron Temperature C°
Lutron CO₂
Duasl Laser Temperature °C
SICK Particles
Dräger CH₄
Dräger CO
Flir 3420 IR, Temperature °C
Sensair Methane
Fluke VIR Temperature, °C
Testo Air flow, m/s 
SentroTX6350:03.240, Trolex CH3OH, mA
SentroTX6350:03.240, Trolex CH3OH, V
MiniRAE 3000, PID, Photo ionization Gas monitor, VOC (ppm)

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

559



The third test series was again performed at the RISE facilities and this time the laboratory equipment 
had been updated so that the sensors were encapsulated, and a fan was used to simulate ventilation but 
also for sucking in the gases into the sensors. Furthermore, data logging capabilities of the sensors were 
tested, as it will be essential that the collected signals can be passed on to an overall on-line control 
system. The fourth test series, the balloon test, was performed, at Mälardalens University in the 
chemistry lab, to determine absolute concentration levels (ppm). Here a known amount of solvent was 
injected into a 38 l plastic balloon with known volume of nitrogen. The solvents that was used for the 
tests were cyclohexanone, C₆H₁₁O, and methanol, CH₃OH, that had been injected and rested over night 
to reach a chemical equilibrium. 
For the fifth test series a mining vehicle, borrowed from Epiroc shown in Figure 9, was the object for 
the test. It was conducted in the machine hall at Epiroc in Örebro year 2018. Observed results from 
previously tests series influenced the setup of  this test. The test procedures were modified for 
evaluating an idea and possible solution how gases can be captured to a sensor via an aspirating smoke 
suction system [22] Such solutions can be found e.g. on trains. This approach would allow the sensor to 
be mounted on a protected place on the vehicle. During this test a plastic tube was used and placed in 
several areas where fires usually occurs on the mining vehicle. The gas was sucked to the sensors that 
were placed on a table a bit away from the mining vehicle as shown in Figure 9. 

 
Figure 9 Test equipment: Epiroc mining vehicle  
 

RESULTS 
 
During the first test series at RISE in Borås it was observed that some sensors can detect the risk for 
emerging fire gases at an early stage. The starting distance for the equipment was 2 m from the emitting 
source. For most test cases this distance was a bit too far away to get adequate timely response from the 
sensors. So, for the following test cases the distance was adjusted to 0.5 m or less, see sample of test 
results in Table 3. Some sensors proved to be too insensitive to use directly, whilst other sensors benefit 
if the emitted gases could in some way be ”sucked” into the detector to ensure adequate response. For 
that reason, during the second test occasion, a fan was included to emphasize so the gases were directed 
towards the sensor. An observation was that the applied voltage and current required much power to get 
some of the cables to start emitting gas/particles.  Some sensors were either newly purchased or borrowed 
from the school or suppliers, while some were slightly older and had been at the Mälardalens University’s 
lab facilities for a while.  
For example, for one of the sensors, it is suspected that the UV lamp was worn out, which may explain 
inferior values. An observation was that ventilation will determine the responsiveness of the sensors. At 
this test occasion the Flir camera showed to be least affected by ventilation. For example heat 
development on the cables could be easily measured from a distance of 2 m which can be expected from 
a remotely measuring device. For this type of sensor, the resolution of the object, e.g. the heated cable, 
is important. Further tests with 556 Spray, used to simulate oilmist, showed that the sensor, FotoVac, 
could detect the oilmist particles which was also the case with the SICK sensor and values between 9 
ppm and 5 ppm were noted.  

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

560



Table 3         Sample of test result for some of the tested sensors, first test occasion at RISE, Borås, year 2017. 

  
Cable material 

Cable 
size 
(mm²) 

Distance 
(m) 

Time 
(min) U (V) I (A) P (W) 

Fotovac 
(VOC, 
ppm) 

FLIR IR, 
Temp 
(⁰C) 

Dual 
Laser, 
Temp 
(⁰C) 

SICK 
(ppm) Comment 

Cable with PVC 
inner 0.75 1 0 - 12 1.1 - 3 30 - 50.5 33-151.5 0 - 0.7 0 - 150 0 - 72 0 - 4.01 

Smoke and burning from one part of the 
cable 

and PUR outer   0.2 12 - 17 3.0 - 3.7 50.5 151.5-186.85 0.7 - 1.1 150 106 4.01 - 4.32 
Much smoke and burning on the whole 
cable 

Halogen free cable 3*1.5 1 0 -3 2.3 - 3.3 60 138-198 0 - 0.8 90 - 108 102 - 106 0 - 4.01 Starting to smell the wax 
    0.2 3 - 13 3.3 - 6.8 60 - 75 198 - 510 0.8 -2.1 108 - 150 106 - 170 4.01 - 6.35 Much smoke 
PVC 1.5 1 - 0.2 0 - 14 1.6 - 2.7 50 -75 80-202.5 1.5 - 1.9 44 - 150 36 - 167 4.01 - 4.75 Some smoke 
both inner &outer                       
PVC 2.5 1.5 - 0.2 0 - 13 1.3-2.7 60-90 78-243 0-0.7 0 - 139 0 -104 4.01 Starting to smell the wax 

both inner &outer   0.2 13 - 18 2.7-3.6 90 243-324 0.7 - 1.6 139 - 150 104 - 155 4.01 - 5.07 
HCN is released. Fan was started after 18 
min 

                      The cable is burning 

Halogen free cable 1.5 1 0 - 3 
1.85 - 

2.5 60 111-150 0.8 0 - 82 0 - 69 4.01 
Smoke is already coming out from the 
cover 

with a black outer    1 - 0.2 03 - 22 2.5 - 6.2 60 - 74 150-458.8 0.8 - 0.9 82 - 150 69 - 243 4.01 - 5.6 Much smoke. Started the fan after 10 min 

cover                     
The cable in the middle is totaly burned 
out 

PVC with a cover 1.5 1 - 0.2 0 - 3 1.9 60 114 0.8 0 - 53 168 4.01 Burning in the rough cable (30 mm²) 
rough halogen free   0.2 3 - 7 1.9 - 4 60 114-240 0.8 - 0.9 53 - 150 168 4.01 - 4.75   
cable, 30 mm²   0.2 7 - 14 4 60 240 0.9 - 2.4 150 168 4.75 - 4.11   
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Table 4         Sample of test result for some of the tested sensors utilizing a fan, third test occasion at RISE, Borås, year 2018. 

Cable, material and placement on the mining vehicle 
Dist. 
(m) 

Time 
(min) P (W) 

Fotovac 
(VOC, 
ppm) 

FLIR IR, 
Temp 
(⁰C) 

Trolex 
CH₃OH 

(mA) 

MultiRae 
(VOC, 
ppm) 

Temp 
(⁰C), on 

the cable Comment 
RK0.75 blue, PVC (0.75 mm²) 2 0 -8 35-62 0 - 0.7 18,7 - 132 2 0 19.4 - Smoke starts to emit. 
In electrical cabinets 5V – 800 V 0.5 8 - 17 62-88 0.8 132 2 0.3     
Power supply, signal conversions, control of electrical functions  0.5 17 - 31 88-98 0.7 - 1 132 2 1.2   Smoke entire cable 
XHFFR, Halogen free (1.5 mm²) 1 0 - 23 110-145 0.8 - 0.9 0 - 158 N/A 0 19.4 - 163 Emitting some smoke 
In electrical cabinets 5V – 800 V 0.5 23 - 33 145-287 0.9 - 1.2 158 - 380 N/A 0 - 0.2 163 - 192   
Power supply, signal conversions, control of electrical functions    33 - 37 287-315 1.2 - 2.4 380 N/A 3.8   Much smoke 
Signal cable, PVC inner & PUR outer cover (1.5 mm²) 0.5 0 -10 96-182 1.2 0 - 147 1 1.6 - 1.3 19,4 - 164 Start to emit smoke 
All over the vehicle, rear-, middle-, boom frame, cabin, booms   10 - 12 182-385 1.2 - 1.6 147 - 220 1 1.3 -10.4 164 - 170 Smoke entire cable 
Sensor- and control signals  for  valves and other actuators                   
ÖLFLEX 150, PVC inner & outer (2*1.5 mm²) 0.5 0-5 72 - 113 1.1 28 - 73 1 0.4 - 0.6 19.4 - 70 Start to emit smoke 
Frame and electrical cabinets   5 - 18 113 - 238 1.1 - 1.3 73 - 129 1 0.6 - 2.7 70 - 136 Smoke entire cable 
Power supply, control signals with higher currents   18 - 21 238 - 304 2.7 - 2.9 129 - 237 1 2.7 - 15 136 - 149 Much smoke  

CAN com. Cable, PUR cover (0.34 mm²) 0.5 0 - 6 80 - 124 1.1 21 - 140 1 0.3 
19.7 - 
31.7 

Inner cable can be seen 
through 

PE isolation, inner (0.25 mm²), Fieldbus communication   6 - 17 124 - 225 1.1 140 - 147 1 0.3 31.7 - 32 outer cover. Start to smell 

All over the vehicle, rear-, middle-, boom frame, cabin, booms   17 - 24 225 - 330 1.1 147 - 279 2 1.1 32 - 50 
Much smoke, outer part 
melted down 

RK0.75, PVC used "fan to suck" (2*0.75 mm²) 0.25 0 - 2 61 - 94 1 52 1 0.1 19.4 - 100 Start to emit smoke 
In electrical cabinets 5V – 800 V   2 -5 94 - 150 1 - 2.2 52 -160 1 0.1 - 0.5 100 - 340 Alot of smoke 
Power supply, signal conversions some control of electrical 
functions                   
RK, PVC used "fan to suck", mist was simulated (2*1.0 
mm²) 0.25 0 - 8 60 -  182 0.9 28 - 197 1 0.1 19.4 - 217 Plastic start to melt 
In electrical cabinets 5V – 800 V   8 - 10 182 - 213 0.9 - 2.2 197 - 220 1 0.1 - 3.8 217 - 320 Alot of smoke 
Power supply, signal conversions some control of electrical 
functions   10 -12 213 - 220 2.2 - 1.5 220 - 302 1 11 290 - 360 Peak cable temp & VOC 
    12 -24 220 - 235 1.7 - 1.1 296 -319 2 5 - 0.7 360 - 300   
RK 0.75, PVC (2*0.75 mm²) mist and fan to suck simulation 0.25 0 - 3 83 - 132 1 26 - 147 1 0.1 19.4 - 165 Start to emit smoke 
In electrical cabinets 5V – 800 V   3 - 10 132 - 198 1 - 4.1 147 - 291 1 0.1 - 6.6 165 - 368 Smoke alot 
Power supply, signal conversions some control of electrical 
functions   10 - 26 198 - 219 2.2 -1.5 291 - 302 2 3.3 - 1.6 371 - 338   
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During the third test occasion at RISE in Borås, the experiments´ peaks could be noted at 30, 50, 70, 
100, 130- and 155-time units, as shown in Figure 10 – 13 where each circle represent the peak for eight 
of the tested cables. The first cable being tested contained PVC while the second was thermoplastic 
polyester and the third had one layers of PVC and the outer was PUR. The fourth contained PVC in 
both layers. The fifth, a communication cable, contained PUR and PE. The last cables contained PVC. 
The size of the first cable was 1.5 mm². A voltage of 2.2 V and a current of 50 A was the starting 
values. At 58 A and 2.5 V first visible fume was observed, but clearer fume at 4.1 V and 70 A. At this 
stage the VOC sensors gave clear signals, 2.4 respectively 38 mg/l for FotoVac respectively RAE 
MultiRae 3000, for more information about the cables and sample of test results see Table 4. During 
this test series a fog is simulated, the results showed on vague indication from most of the sensors 
except the Flir sensor.It was observed that the peaks follow each other, and that Flir-camera gives a 
very good response in relation to the cable temperature. The PID meter, MultiRae 3000, gives a 
reasonably high response, while the FotoVac has a lower response, but still a clear response, which 
might be due to that it is somewhat older sensor with a worn lamp. A notable response for FotoVac 
(VOC) starts when the cables are fuming.  
This study concludes that future solution would benefit from having some functionality to suck air 
(gases) into the sensors. This will support the sensor to react quicker, and this was later tested on 
Epiroc´s vehicles in the Machine hall in Örebro. At that test a so-called aspirating system was 
constructed, which can be found on e.g. trains, and is sucking air into the sensor via a tube. Detection 
of the gases that was simulated in the engine room and sucked to the sensor that was placed outside the 
engine room showed a clear response. 
Finally, during the balloon tests the absolute concentration level was verified to 2 ppm. This is a 
sufficient level of the sensing capability for the sensors in order to have a chance detecting the gases 
well in advance. Some sensors do not have the ability to detect lower than 150 ppm which will be 
insufficient for this case. Anyhow in this test the PID sensors seemed to have the ability to detect gases 
in good time. The lamp, which the tested PID sensors is equipped with, has a high intensity which 
allows the detection of small concentrations. 
 

 
Figure 10  Peak results for sensor; RAE MultiRae 3000, VOC, ppm, per time units 
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Figure 11 Peak results for sensor: Flir 3420, IR, temperature °C per time units                                                                                                                                                                                                                    

 
Figure 12 Peak results for sensor FotoVac VOC, ppm, per time units 

 
  Figure 13  Peak results measured on cables, cable temperature per time units 
 

Depending on the thickness of the cable, some smoke could be observed after only a few minutes, 
from the start of the test. XHFFR, the halogen free cable, took the longest time to start emitting any 
smoke, which was approximately 20 min for the first visible smoke. Some smoke was observed from 
most cables at a temperature about 100 ⁰C. When the temperature reached 150 ⁰C and above much 
smoke could be noted for all cables. The “halogen free cable” and signal cable with PVC & PUR 
started to emit smoke in the same temperature range around 163 -164 ⁰C, shown in Figure 14 - 15. For 
the Ölflex cable a peak temperature was noted around 237 ⁰C. Whilst the CAN com. cable showed a 
peak around 219 ⁰C. For the RK cables peak were noted slightly above 300 ⁰C.  
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Figure 14 The halogen free (thermoplastic polyester) cable started emitting smoke at 163 ⁰C 

 
Figure 15  The PVC & PUR signal cable started emitting smoke at 164 ⁰C 
 

Some observations made during the test series were: 

• It is beneficial to suck the gases into the sensors. 

• Aspirating system in order to minimize the number of sensors being mounted on the vehicle 
might be a possible solution in the future. This allows the sensor to be placed on the mining 
vehicle where the disturbances are minimized. 

• The performed test with plastic tube (to simulate aspirating system) showed some challenges 
to ”reset/clear” the tube from gases after being sucked into it and signal was observed on the 
sensor. If a sensor is warning for detecting abnormal gas level and action is taken for 
preventing fire to start, then the mining business like to continue their operation as soon as 
possible. However, if the tube take time to reset, false warning might be straining the 
business. Thereby it can be interesting to study the possibility to find other material to be used 
as aspirating system which easily can be reset/cleared. 

• Some cables release deadly gases e.g. cyanide, this have started an internal program within 
Epiroc to be replaced soon. 

• Most sensor suppliers use their own data logging software. Meaning logged data from some 
sensors therefore required to be retrieved manually instead of being displayed directly via an 
online system. This will demand integration work between the sensor company and the 
machine supplier. 

• Future mounted sensors on mining vehicle will demand some maintenance as for calibration. 
This could possibly be included in service check lists. 
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DISCUSSION 
 
With fully autonomous mines, meaning no miners being present, the need for detecting changes in 
conditions that may cause production stop needs to be faster than today. This requires solutions which 
support smart inspections and early discovery of changes before the situation develops into a 
dangerous state. To resolve part of these issues, this paper explored the possibility of utilizing sensors 
to detect e.g. gases which are emitted, prior to a fire develops, from different sources, e.g. from cables 
on mining vehicles. Understanding at what temperature this occur, setpoints on warning and alarm 
levels can be pre-defined which in turn automatically notify to an overall control system the operator 
who can decide on accurate measures needed to resolve the situation. From the tests it was clear that 
the detection capabilities of the sensors increased when the from the emitting source was minimized 
and as well when gases were supported by “sucking” in the air of with help from a fan directing the 
air to the sensors. Those challenges are the basis for the following suggestions on where the sensors 
could be mounted and make the most use: 
 

1. Behind the cabin next to the hydraulic oil tank at the extraction of air flowing through the 
diesel engine compartment 

2. At the rear part near the cable wind next to the intake of air to the diesel engine compartment 
3. Above the lubrication barrel next to the electrical cabinet. In this area several cables as for 

hydraulic oil cables can be found 
4. Under the “swing arm” close to the diesel engine 

 
A more advanced solution that can certainly be part of a solution in the future might be to have 
machine learning (ML) supported by artificial intelligence (AI) applications, as shown in Figure 3, to 
be trained with a decision tree so that appropriate preventive maintenance measures are proposed in 
due time in order to avoid unnecessary and dangerous situations like fires.  
Remaining discussion elaborates on these further. From the conducted tests, an example of a decision 
tree, as in Figure 16, for analysis of the obtained sensor information is discussed based on the tests 
performed.  
 

 
 
Figure 16       Example: parts of a decision tree for troubleshooting gases on a mining vehicle 
 
To begin the decision tree analyses, the first question would be: what is the problem with the mining 
vehicle, from which sensor do we receive feedback? Depending on the fault occurring, different 
measures are required. For example, if a problem occurs with the hydraulic unit, it can pose a long-
term danger, but may not need immediate action. However, if elevated sensor values are detected in 
the engine compartment (such as oil leaks or plastics emitting hydrocarbons), an urgent action is 
much more important as it has to do with hot surfaces and thus can cause a faster fire development. 
Another example is if the detection indicates elevated temperature that initially seems innocent and is 
normal at a heavy load for the mining vehicle but if it continues to rise it may be an indication that 
friction occurred which in the presence of something combustible can lead to a fire. Further faults are 
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elevated tire temperatures and changes in tire pressure which, in turn, may indicate explosion risk if 
ripped apart, which also poses a risk for fire. Furthermore, if increased levels of CxHy haves been 
detected but no changed values from the sensors that measure the temperatures have occurred, may 
indicate leakage of hydraulic oil which is a potential risk of oil mist. That, in turn, poses a fire hazard. 
Therefore, for an operator overseeing the mining process and mining personnel, it may be 
advantageous to gain insight into what caused the problem and to enable the right actions to be 
planned in a timely manner. Having an AI application learning of faults that often occurs on a mining 
vehicle will save time for troubleshooting and provides an opportunity to propose preventive activities 
before it is too late especially in a fully autonomous mining operation. 
 
CONCLUSIONS 
 
This study has been evaluating a number of sensors for detection of gases or elevated temperatures with 
the aim to be mounted on mining vehicles and to be correlated with other machine data with the goal to 
minimize the number of fires by establishing set points for warning and alarm levels in a safety system. 
The sensor sensitivity requirements need to match the capacity of a canary bird. Canaries were used as 
"warning signals" for toxic air in the mine shaft. When they stopped tweeting the mine workers knew 
the air was bad and even worse if the bird were lying dead on the bottom of the bird cage, the miners 
didn't have long time to save themselves from meeting the same fate. The tests showed that the 
sensitivity of the sensor need to reach a level of 2 ppm. A couple of sensors shows they have the 
potential to detect gases, oil mists and over-heated engines (decomposition of polymers caused by the 
generator) when gas is released in the air. Connecting gathered sensor data into a deep learning tree 
with other matching data, root cause analyses might be emphasized and captured as for early warning 
before a fire is a fact. This will be very important when the mining business transforms their operation 
to become fully autonomous, in order to catch dangerous situations so that rescue efforts can be started 
in time. 
 
Regarding the complexity of the manufacturing environment, it is a great challenge to automate the 
excavation using autonomous vehicles since the vehicles require many and advanced sensors to 
discern the complex environment which further encumbers the network. Mining vehicles still uses 
analogue signals in order to capture sensor data which is communicated to an overall system, like 
Certiq in Epiroc case. Regardless of the solution used in the future it requires a sufficiently low 
latency, sufficient robustness and to be safe in a fully autonomous mining concept. The sensor data 
need to be sampled on-line around the clock. Not all machine data can be analysed in a cloud, which 
in turn sends actions back to the machine when faster reaction is required. This open for other 
solutions like edge, fog, computing which allows analysis of the data to occur closer to the machine. 
By Fog nodes quick reactions might be solved by enabling smartness to the machine supported by AI, 
ML and deep learning. Such solutions might support the protection of the infrastructure and from fire 
to occur. Selecting several types of sensors and connect them will be crucial.  
 
REFERENCES 
 
1. Natural Resources Canada, Benchmarking the energy consumption of Canadian underground 

bulk mines, 2005. 
2.  Boliden newspaper ”Sanningens minut för elektrifieringen i Aitik”  

https://www.boliden.com/sv/nyheter/el-trolley-aitik?platform=hootsuite  
3. Ingasson, H., Li, Y. Z. and Lönnermark, A., Tunnel fire dynamics, Springer, 2015 
4. Saeter Bøe, A. and Reitan, N. K., “Full scale fire test of electrical vehicle, RISE Fire 

Research, Trondheim, Norway”. Symposium proceedings from 5th International Conference 
on Fire in Vehicles –FIVE 2018. 

5. Ahlberg Tidblad, A., “Regulatory outlook on electric vehicle safety, Vovlvo Car Group, 
Gothenburg, Sweden”. Symposium proceedings from 5th International Conference on Fire in 
Vehicles – FIVE 2018. 

6. Larsson, F., Andersson, P. and Mellander, B-E., “Gas and fire risks with Li-Ion batteries in 
electrified vehicles”. Symposium proceedings from 5th International Conference on Fire in 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

567

https://www.boliden.com/sv/nyheter/el-trolley-aitik?platform=hootsuite


Vehicles – FIVE 2018. 
7.  Surendranath Reddy, N., Srinivasa Saketh, M. and Dhar, S. ”Review of Sensor Technology   

 for Mine Safety Monitoring Systems: A Holistic Approach”, 2016 IEEE First International  
 Conference Control Measurement and Instrumentation. 

8.  Hansen, R. “Study of heat release rates of mining vehicles in underground hard rock mines”,  
 Mälardalens University Press Dissertation No. 178, Västerås, Sweden, 2015. 

9. GRAMKO sammanställning av årliga statistik på bränder och brandtillbud, 
brandskyddskommitté 2006-2017, by SweMin. 

10. Ohlsson, S. and Schweitzer, N. Thesis work: Förstudie om ny standard för släcksystem i  
tunga gruvfordon, 2018. https://ltu.diva-
portal.org/smash/get/diva2:1357996/FULLTEXT01.pdf 

11. Hansen, R., “Design fires in underground hard rock mines, “School of Sustainable 
Development of Society and Technology”, Mälardalens University, Licentiate Thesis 127, 
Västerås, Sweden, 2011. 

12. Hansen, R., “Fire statistic from the mining industry in New South Wales, Queensland and 
Western Australia“, The University of Queensland. DOI: 10.131340/RG.2.2.22666.77767, 
Australia, 2018. 

13. Willstrand, O. “Fire risk management - Best approach to prevent vehicle fires”, RISE 
Research Institutes of Sweden, Fire Research, Borås, Sweden. Symposium pproceedings from 
5th International Conference on Fire in Vehicles – FIVE 2018. 

14. Beard, A. and Carvel, R. Handbook of tunnel fire safety, second edition, 2005. 
15. Hansen, R., “Investigation on fire causes and fire behavior: Vehicle fires in underground 

mines in Sweden 1998-2010”, Mälardalens University, Västerås, Sweden, 2013. 
16. Santos de Brito, M., Hoque, S., Steinke, R. and Willner, A., “Towards programmable fog  

nodes in smart factories,” in 2016 IEEE 1st International Workshops on Foundations and   
Applications of Self* Systems (FAS* W), 2016, pp. 236–241. 

17. Monostori, L., Kádár, B., Bauernhansl, T., Kondoh, S., Kumara, S., Reinhart, G., Sauer, O.,    
Schuh, G., Sihn, W. and Ueda, K., “Cyber-physical systems in manufacturing,” Cirp Ann.,   
vol. 65, no. 2, pp. 621–641, 2016. 

18. Lee, J., Bagheri, B. and Kao, H-A., “A cyber-physical systems architecture for industry 4.0-  
based manufacturing systems,” Manuf. Lett., vol. 3, pp. 18–23, 2015.  

19.        Berthold, M. and Hand, D. Intelligent Data Analysis, Springer, 1999 
20.        Larsson, Ö, “AI & Digitala Plattformar, En System analys ifrån PIIA och Blue Institute 
             Swedish IndTech, 2019. 
21.        Inspired by Wikipedia description of Artificiell Intelligens, dated: 2020-01-14 
             https://sv.wikipedia.org/wiki/Artificiell_intelligens 
22.        Willstrand, O., Brandt, J. and Svensson, R. Fire detection & fire alarm systems in heavy duty 
             vehicles. WP5 – Fire detection in bus and coach toilet compartments and driver sleeping 
             compartments. SP Report 2014:28 Borås 2014. 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

568

https://ltu.diva-portal.org/smash/get/diva2:1357996/FULLTEXT01.pdf
https://ltu.diva-portal.org/smash/get/diva2:1357996/FULLTEXT01.pdf
https://sv.wikipedia.org/wiki/Artificiell_intelligens


Model scale tests with automatic sprinkler in a tunnel 
 

 
 

Haukur Ingason, Ying Zhen Li, Magnus Arvidson, &  Lei Jiang 
RISE Research Institutes of Sweden, Borås, Sweden 

 
 
 
  
 
ABSTRACT 
 
A model scale test series in a 1:3 scale was performed in order to investigate the performance of a 
fully automatic sprinkler system in a road tunnel. The investigation was carried out in order to explore 
if there is a possibility to retrofit an automatic sprinkler system in an existing road tunnel south of 
Stockholm. The experiments were carried in a steel container type of tunnel with adjusted geometry in 
scale. The tests were carried out by using scaled HGV trailer cargo loaded with wood pallets. In total 
12 tests were carried out by varying the longitudinal air velocity, activation temperature of sprinkler, 
type of fuel and type of arrangement of the fuel. The activation of the sprinkler nozzles was simulated 
by using thermocouples that corresponded to a given thermal response index (RTI) of a sprinkler with 
a bulb or a link. The RTI value of the simulated thermal device corresponds to 35 m1/2s1/2 in full scale. 
The tests show that the number of activated sprinklers is weakely dependent on the activation 
temperature and strongly on the water density (or water pressure for given nozzles). The influence of 
the longitudinal velocity on the system perforamcne was found to be limited, for the tested velocity 
range and type of fuel arrangement and size.  
 
KEYWORD: tunnel fire; model scale; tunnel velocity; automatic sprinkler; activation 
 
 
 
 
INTRODUCTION 
 
The use of water-based fire suppression systems or Fixed Fire Fighting Systems (FFFS) in road 
tunnels have attracted much attention in recent years. The regulations and standards are changing in 
favor of the use of such systems as a part of the active fire protection systems in tunnels. In Sweden, 
there have been several projects planning for use of a FFFS. The use of the term FFFS in road tunnels 
is related to zone operated water-based systems (deluge). The activation of FFFS is carried out from 
control rooms on the demand of an alarm system or by visual or detectable observations in CCTV.  
 
If the FFFS system is using its own thermal device for activation, the system is usually called 
automatic sprinkler system as the nozzle usually comes from traditional manufacturing of sprinkler 
heads and the same terminology applies here. Use of automatic sprinklers is common in commercial 
buildings, such as high-rise office buildings, hotels and industrial premises but not in tunnels. The 
automatic sprinklers are generally activated by subsidiary thermal elements, e.g. thermal bulbs or 
links, and thus do not need other detection systems for activation. Therefore, such automatic sprinkler 
systems are simple and easy to use in practice. The main concern with automatic sprinklers is that the 
tunnel ventilation may have negative impact on activation of such sprinklers. A previous model scale 
study showed that the system may fail at high ventilation, and therefore its use is only recommended 
for tunnels with low ventilation [1]. However, the use of automatic sprinkler in tunnels under such 
low ventilation conditions is attractive due to its simplicity. In 2016 the authors carried out a full scale 
test with automatic sprinklers in the Runehamar tunnel which showed the potential of using it for 
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tunnels with relatively low velocities, less than or equal to 2 m/s [2]. The fuel load consisted of Heavy 
Goods Vehicle (HGV) mock-up consisting of wood pallets. The type of fuel in the present study is 
therefore wood pallets in similar configurations as in the full scale test in 2016.  
 
A feasibility studies (pre-study) on the possibility of installing automatic sprinklers in an existing 
underwater road tunnel in Sweden was carried out prior to the model scale tests [3, 4]. The focus was 
to analyze the best positioning of a sprinkler nozzle in the cross-section of the full scale tunnel. 
Activation of the sprinklers installed along the centerline and along the sidewall was investigated 
based on analysis of the full-scale experiment [2] and by numerical modelling [4]. The tunnel velocity 
inside the tunnel was analyzed by numerical modelling for various fire locations, given that the 
underwater tunnel has both downhill and uphill sections. It was found that the range of longitudinal 
ventilation varied between -1 m/s to + 2 m/s depending on direction.  The study proposed that the 
automatic sprinklers should be installed along the centerline of the tunnel but questions such as the 
influence of initial operational water pressure, activation temperatures and longitudinal ventilation on 
number of activated sprinklers remained to be answered.  
 
In relation to the pre-study, a water distribution tests was carried out using commercial types of 
sprinkler nozzles [3]. The objective of the tests was to determine the water distribution characteristics 
using different water pressures and sprinkler spacing with two selected Extended Coverage (EC) 
upright sprinklers. The test set-up simulated a HGV trailer positioned inside the tunnel. The test was 
carried out in RISE fire laboratory and the test set-up was such that a HGV trailer was assumed to be 
positioned close to a sidewalk in the tunnel. The rationale is that a HGV on fire would be parked as 
far as possible to the side of the road by an alert driver. A platform with a horizontal plane that 
measured 5 m (L) by 2.6 m (W) was constructed to simulate the top of a trailer. It was found that the 
Tyco model EC-14 sprinkler may be installed at a spacing of 5.0 m in the tunnel. For a design density 
of 10 mm/min, the operating pressure would be around 3.6 bar.  
 
In order to perform tests that fulfill the requirements of such advanced test plan a parametric model 
scale study was required. Carrying out full scale tests was not possible due to the high costs. The 
authors have carried out numerous fire tests using water spray systems in different scales, 1:20 [5], 
1:15 [1], 1:8 [6] and 1:4 [7]. The accuracy of the results increases as the scale ratio become closer to 
full scale tests. Due to the complexity of the fuel and the thermal activation of the sprinkler heads it 
was decided to go up in scale and use 1:3. This made it possible to make more accurate scaling of the 
sprinkler head, the thermal response device, the wood pallet fuel and the thermal response of the 
tunnel.   
 
In the following a description of the scaling technique and tested parameters is given.  
 
 
SCALING TECHNIQUE 
 
The model scale tests include numerous advanced scaling techniques. The scaling relates to the heat 
release rate, time, gas temperature, gas concentrations, velocity, water density, pressure and thermal 
response of materials and sprinklers. In Table 1, a summary of the scaling laws applied in the tests is 
given [8, 9]. The crucial parts are the scaling of thermal response of the interior walls, the structure of 
the fuel using wood pallets, the water spray system, the sprinkler head and thermal response of the 
thermal devices. 
 
The tunnel used for the tests was made of ordinary steel containers for transportation.  The scaling of 
the thermal response of the interior material was necessary in order to obtain realistic gas 
temperatures for activation of the sprinklers closest to the fire source. Therefore, a 15 m long section 
of the tunnel closest to the fire was insulated. The scaling of tunnel structure follows Eq. (12) and Eq. 
(13). For the 1:3 model scale tunnel, Gypsum board could be used to scale the concrete lining in the 
full scale tunnel. To scale concrete exposed to 30 min heat, the thickness of gypsum board required is 
around 1.5-3 cm. Fire Dynamic Simulator (FDS) [10] simulations of the model scale tunnels made of 
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either steel container or gypsum boards on inner side of the tunnel were carried out for a 642 kW fire 
(full scale 10 MW). The simulations showed that placement of 12 mm thick gypsum boards on the 
inner side of the tunnel nearby the fire will produce similar temperatures in relation to full scale. Use 
of thick gypsum boards scales light/medium density concrete with a density of around 1000 kg/m3. A 
thin (12 mm) gypsum boards used in model scale corresponds to a more dense concrete in full scale.   
 
 
Table 1 A list of scaling correlations [8, 9]. 
 
Type of unit Scaling Equation number 
Heat Release Rate Q  (kW) 5/ 2/ ( / )M F M FQ Q l l= 

 
(1) 

Velocity u (m/s) 1/ 2/ ( / )M F M FV V l l=  
(2) 

Time t (s) 1/ 2/ ( / )M F M Ft t l l=  
(3) 

Energy content E (kJ) 3/ ( / )M F M FE E l l=  
(4) 

Fuel mass m (kg)* 3/ ( / )M F M Fm m l l=  
(5) 

Temperature T (K) / 1M FT T =  (6) 
Gas concentration Y * / 1M FY Y =  

(7) 
Pressure P (Pa) / /M F M FP P l l=  

(8) 

Mass burning rate fm′′  (kg/(m2 s)) ( ) /( ) ( /f c M f c F M Fm H m H l l′′ ′′∆ ∆ =   
(9) 

Fuel density ρ (kg/m3) ( ) /( ) 1c M c FH Hρ ρ∆ ∆ =  
(10) 

Fuel heat of pyrolysis Lp (kJ/kg) ( / ) /( / ) 1c p M c p FH L H L∆ ∆ =  
(11) 

Thermal inertia k cρ  (kW2sm-4K-2)) 3
, ,( ) /( ) )/(s M s M FF l lk c k cρ ρ ∝  

(12) 
Thickness δ  (m) 

, ,( / ) /( / ) ( /s M s M FF l lk kδ δ ∝  
(13) 

Heat flux q′′  (kW/m2)** 1/2/ ( / )M F M Fq q l l′′ ′′ =   (14) 
Water droplet size d (mm) 1/2/ ( / )M F M Fd d l l=  (15) 

Water density wq′′  (mm/min) 1/2
, ,/ ( / )w M w F M Fq q l l′′ ′′ =   (16) 

Water flow rate wq  (l/min) 5/2
, ,/ ( / )w M w F M Fq q l l=   (17) 

Operating water pressure Pw (bar) , ,/ /W M W F M FP P l l=  (18) 
Response time index, RTI (m1/2s1/2) 3/4RTI / RTI ( / )M F M Fl l=  (19) 
Number of wood pallets in ith direction 1/2

, ,/ ( / )i M i F M FN N L L=  (20) 
Dimension of single pallet in ith direction li (m) 1/2

, ,/ ( / )i M i F M Fl l L L=  (21) 
M is model scale and F is full scale. k is thermal conductivity, ρ is density, c is heat capacity. ΔHc is heat of 
combustion. *Assume ΔHc,F= ΔHc,M. **The scaling of the conductive and radiative heat flux could deviate from 
the scaling law.  
 
 
The scaling method recently developed for scaling time-resolved burning behaviors of wood pallet 
fires [11] was applied. The scaling method proposed shows that both the geometrical parameters for a 
single pallet and the number of pallets in each direction scale as ½ power of the length scale, as given 
in Eq. (20) and Eq. (21). In reality, the method is a general scaling method for wood pallet fires. In the 
tests, the full scale European wood pallets (pine) were scaled down but the scaling laws are slightly 
modified in this study (see Table 2). Subscripts x, y and z refer to the longitudinal, transverse and 
vertical direction, respectively. The number of pallets in one direction is reduced slightly, while the 
dimensions in that direction are raised accordingly to fulfil the scaling laws presented in the literature 
[11]. 
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Table 2 A list of parameters for wood pallets in the two scales. 
 
Parameters Full scale Model scale 
  Strict scaling Eased scaling 
Nx 2 1.15 1* 
Ny 10 5.8 6 
Nz 21 12.1 12 
lx 1.2 m 0.69 m 0.8 m* 
ly 0.8 m 0.46 m 0.46 m 
lz 0.144 m 0.08 m 0.08 m 

*adjusted to fulfil the scaling laws. 
 
The sprinklers were geometrically scaled, in order to generate the same initial droplet trajectories 
[12]. Also, Eqs. (16) - (18) were applied to fulfil the scaling of water sprays in the smoke flows. 
Scaling of droplet size may not strictly follow Eq. (15) but the deviation is expected to be small in 
medium scale. The scaling of the response of sprinkler head follows Eq. (19). A thin thermocouple 
was found to fulfil the requirement and thus used to simulate the sprinkler head. Another advantage is 
that the temperature registered can be directly used for comparison with the activation (link) 
temperature. If one temperature exceeded the activation temperature in a test, activation was made by 
an automatic control valve.  
 
THE MODEL SCALE TUNNEL 
 
Description of the test set-up 
 
The 1:3 scale tunnel was built with a longitudinal slope of 1 % and a transverse slope of 1 %.  The 
entire tunnel was placed on a gravel bed and around it was an embankment consisting of Lecablock to 
avoid any leakage of extinguishing water outside the test area. An internal floor was built up to reduce 
the ceiling height from 2.39 m (original container height) to 1.7 m, which is necessary to simulate the 
full scale tunnel. The floor was lifted up 0.65 m, by building up a system of wooden beams, and by 
laying out boards that can withstand weight of both personnel and fire sources. The water coming 
from the sprinklers flowed down to the lower part and then followed the tunnel's slope till the lower 
portal where the water was disposed of. All details about the test tunnel including all test data can be 
found in [13].  
 
To generate air flows inside the tunnel, two fans were placed on a platform outside the tunnel at a 
distance of 2 m from the tunnel portal. In order to make the air flow inside the tunnel more evenly 
distributed a barrier to smoothen the flow was built using vertical gypsum walls with certain degree of 
porosity. The flow barrier consisted of two perforated 12 mm thick gypsum boards, with 0.1 m and 
0.16 m in diameter holes so that the flow was broken up (smoothened) before it reached to the fire 
site. In the gypsum board closest to the fan there were holes drilled with both 0.1 m and 0.16 m 
diameter. The porosity of the first gypsum board was 23.4%. For the second gypsum board, only 
holes with 0.1 m in diameter were used and the porosity was 25.4 %. The flow was very stable and 
unified due to the perforated gypsum boards.   
 
The structure of the floor consisted of a wood frame system with MDF (Medium Density Fiberboard) 
boards, except for the 15 m long section closest to the fire. Close to the fire special reinforcement at 
the fire site using 200 m x 500 m x 200 m Leca block cubes was required. The gypsum boards (12 
mm) mentioned earlier in chapter 2 about scaling were mounted on the floor, walls and ceiling from 
position x=-5 m (upstream) to x=+10 m (downstream) from the center of the fire. Here x=0 is the 
center of the fire source.  
 
In Figure 1, a sketch of the fire source with scaled wood pallets is shown. The model tunnel was 
considered to have two lanes and the fuels were positioned at the center line of one lane. The wood 
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pallets were placed on lightweight concrete slabs of 0.37 m thick. The length of the wooden pallets 
was 2.8 m, the height was 0.97 m and the width was 0.8 m.  
 
The fire source consisted of 72 wooden pallets placed in the tunnel as shown in Figure 1, 18.4 m from 
the west portal. This type of test fuel mock-up is often used to simulate the payload of a Heavy Goods 
Vehicle (HGV) trailer. An uncovered target, consisting of a pile of 12 wooden pallets, was positioned 
1.67 m from the rear of the fuel mock-up in order to evaluate the risk of fire spread. A detailed 
drawing of the wood pallet is shown in Figure 2.    
 
In most of the tests, both the front side (upstream) and back side (downstream) of the fire source was 
covered with vertical steel plates, as was the area above the pallets using a horizontal steel plate. This 
arrangement made it difficult for water to directly penetrate the pallets, increasing the rigorousness of 
the test by reducing the ability of the system to fight the fire from above. The upstream vertical steel 
plate at the fire source work as wind break or wind barrier in relation to the longitudinal ventilation 
flow. The word wind break is used in the following text.  
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Figure 1 A sketch of the fire source with pallets in the model scale study. 
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Figure 2 Detailed drawing of the wood pallets used in the model scale study. 
 
In total, 28 upward model scale sprinkler nozzles were installed in the tunnel every 1.67 m which 
corresponds to 5 m in full scale. The sprinklers were installed along the center line of the roof, 100  
mm below the top of the roof where boards are in the roof (gypsum). A photo of the full-size sprinkler 
selected from the pre-studies [3] Tyco EC14 with bulb and the model sprinkler that was used in the 
experiments (geometrically scaled 1:3) is shown in Figure 3. The 1:3 sprinkler head was printed in a 
3D printer and made of titanium. This is an exact scaling of the original sprinkler Tyco EC 14 shown 
in Figure 3. 
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Figure 3 One photo of the full-size sprinkler, Tyco EC 14, (1: 1) and the laser printed in titanium 
without bulb (1: 3). 

 
Maximum water flow (assuming all sprinklers are activated) varies depending on the water density in 
mm/min (l/min m2). During the tests there were 4 different water densities applied; 2.9, 4.3, 5.8 and 
8.7 mm/min. The total flow was 345 l/min, 519 l/min, 692 l/min and 1037 l/min, respectively. The 
pump was regulated against a constant system pressure at the experiments, i.e. the water flow from the 
sprinklers was equally high regardless of how many sprinklers are activated. This is a principle that is 
normally used in sprinkler attempts to provide a safety factor compared to actual conditions where the 
first sprinklers that activate give a higher water flow than the design flow given by the entire 
operating surface. An overview of the flow conditions is given in Table 3 for each of the water 
densities tested. The values in bracket are corresponding full scale values obtained from equations in 
Table 2.  
 
Table 3 The flow conditions for the sprinkler system in scale 1:3 and full-scale. 
 
Water density 
 
(mm/min) 

Total flow if 28 
sprinklers operate 
(l/min) 

Water pressure at each 
operated sprinkler 
(bar) 

Water flow at each 
operated sprinkler 
(l/min) 

2.9 (5) 346 (5390) 0.31 (0.93) 12.3 (192.5) 
4.3 (7.5)  519 (8085) 0.69 (2.08) 18.5 (288.8) 
5.8 (10) 692 (10780) 1.24 (3.71) 24.7 (385) 
8.7 (15) 1037 (16170) 2.78 (8.34) 37 (577.5) 

Full-scale values in brackets (). 
 
The pipe system consisted of a feed pipe (1 ½ inch) and 28 manifolds (1/2 inch), see Figure 4, one 
connected to each sprinkler. The interval between two neighboring nozzles was 1.67 m. Originally, 
the system was designed to deliver a total water flow of 692 L/min (correspond to water density of 5.8 
mm/min or 10 mm/min in full-scale), where the pressure at each sprinkler was kept constant at 1.24 
bar which corresponds to 3.71 bar in full scale. At later stage in the test series, tests with 8.7 mm/min 
(corresponding to 15 mm/min in full scale) were carried out without any capacity problem for the 
system. Three narrow hoses were connected to a frequency-controlled Grundfors CRE 32 12 electric 
pump, which was then connected to a feed tube with 1 ½ inch diameter. Pressure sensors for the pump 
was connected upstream of the fire on the 1 ½ inch pipe between sprinklers 7-8, see Figure 4. The 
feed tube was attached along the tunnel to the outside, 30 cm below the highest point in the roof at the 
fire. Through T couplings, a solenoid valve was attached to a ½ inch tube which was connected to the 
nozzle at the center of the tunnel. Note that the sprinkler system was built with relatively small pipes 
and hose dimensions, partly because it has low water pressures and water flows but also to get the 
pump to work in the right work area. With low water flows and low back pressure in the pipe system 
there is a risk that the pump will not build up sufficiently high pressure.   
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Figure 4 A sketch of the pipe system with a pump and the location of the fire. The distance 

between the sprinklers is 1.67 m, which corresponds to 5 m in a full-scale tunnel. 
Pressure gauge for pump is placed on 1 ½ inch pipe sprinkler NO. 7-8. 

 
The automatic activation system of the sprinkler nozzle was technically very advanced. It was based 
on K-type sheathed 1.5 mm thermocouples, regulator units and solenoid valves at each manifold 
connected to the sprinkler from the main feed pipe. The activation was therefore not based on real 
thermal devices such as bulbs or links. The solenoid valves were opened at a predetermined activation 
temperature measured with the 1.5 mm sheathed thermocouple. The thermocouple corresponded to an 
RTI value of 14 m1/2s1/2 according to a wind tunnel test carried out prior to the tests, corresponding to 
32 m1/2s1/2 in full scale. This RTI value is the same as for a 3 mm glass bulb. Both the temperature rise 
and the activation time were logged during the experiments. Each individual sprinkler would be 
activated when the temperature reached the activation temperature (68 °C, 93 °C or 141 °C). All were 
connected to control and measuring boxes and the activation times were logged and registered.  
 
Instrumentation 
 
Gas temperature and gas concentration were measured and recorded for different locations inside the 
tunnel. The center of the fire, which was 18.4 m from the inlet where the fans were located. The 
center of the fire inside the tunnel was set as x=0 m. The heat release rate in MW was determined by 
measuring the gas and air flows at a measuring station x=+27.2 m from the fire, where a measuring 
station was located at the point marked as ‘Pile A’, see Figure 5. 
 
In total 16 thermocouples with 0.5 mm diameter were placed at selected sprinklers and a total of 28 
sheathed thermocouples with 1.5 mm diameter (beside each sprinkler for determination of activation 
time). 
 
At the measuring station ‘Pile A’ (Figure 5), temperature, velocity and gas concentration were 
measured. Five 0.5 mm thermocouples and five bi-directional probes were placed 1.61, 1.21, 0.83, 
0.55 and 0.21 m from the floor. Three gas analysers were placed 1.61, 0.88 and 0.21 m, respectively, 
from the floor to measure O2, CO2 and CO concentration. At distance x=+26 m photocells 0.55 m 
above tunnel floor and one plate thermometer (PT) at ceiling height were used in the tests.  The HRR 
was estimated using the CO/CO2 method developed by Tewarson [14].  The method has been used 
successfully in HRR in tunnel fires by Grant and Drysdale and by Ingason et al.  [15, 16]. The 
CO/CO2 method was used after thorough analysis between this technique and the oxygen calorimetry 
[17]. The total heat release (integrated) using CO/CO2 was found to fit slightly better with the total 
energy of the fire load and therefore used here instead of the oxygen calorimeter method.   
 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

575



target

12382

2800

49298

2 fans
Static box

800

Porous boards 1670

12502 12032

3120

Pile A

12382

5020

Visibility

350

18400

2900

 
Figure 5 Positions of fuel, sprinkler and flow barrier. Dimensions in mm. 
 
 
TEST PROCEDURE 
 
Table 4 presents the test sequence and physical parameters used in the test. The numbers in brackets 
are corresponding full scale values.The ventilation velocity was 1.2 m/s in most of the tests, and in 
some tests it was either 0.8 m/s or 1.7 m/s. The sprinkler activation temperature was 93 °C or 141 °C 
for most tests, but 68 °C for Test 5. The water density was varied within 2.9, 4.3, 5.8 and 8.7 mm/min. 
In Test 9 the wind break (vertical steel plate on upstream side) was removed. The total number of 
activated sprinklers in the experiment is provided, which clearly shows the effect of operation 
conditions on the sprinkler suppression performance. 
 
Table 4 Summary of the performed tests.  
 
Test 
no. 

Fuel  
type 

Velocity 
(m/s) 

Activation 
temperatur
e (°C) 

Water density 
(mm/min) 

Total 
number of 
activated 
sprinklers 

Wind break 

Front/Back Ceiling 

1 WP 0.8 (1.4)* 141 2.9 (5)* 21 WB YES 
2 WP 1.2 (2.1) 141 5.8 (10) 5 WB YES 
3 WP 1.2 (2.1) 141 2.9 (5) 21 WB YES 
4 WP 1.2 (2.1) 141 4.3 (7.5) 12 WB YES 
5 WP 1.2 (2.1) 68 4.3 (7.5) 16 WB YES 
6 WP 1.7 (3.0) 141 4.3 (7.5) 10 WB YES 
7 WP 1.2 (2.1) 141 8.7 (15) 4 WB YES 
8 WP 1.2 (2.1) 141 4.3 (7.5) 8 NWB NO 
9 WP 1.2 (2.1) 93 8.7 (15) 6 WB YES 
10 WP 1.2 (2.1) 141 8.7 (15) 5 WB YES 
11 WP 1.2 (2.1) 93 4.3 (7.5) 15 WB YES 
12 WP 1.2 (2.1) - Free burn - - 

WP – wood pallets, WB – wind break, NWB – no wind break.  
*number in brackets are full scale values 
 
 
RESULTS AND DISCUSSION 
 
Analyses of the experimental results focus on the effect of ventilation velocity, sprinkler activation 
temperature, water flow density and the presence of wind break on the fire development. The first 
activated sprinkler is spr10 (x=-0.37 m) for Test 1, 2, 4, 5, 6, 7, 9, 10, 11, or spr11 (x=1.3 m) for Test 
3 and 8. The first activated sprinkler does not show clear dependence on the ventilation velocity 
studied, but is always located close to the fire source. 
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Free burning of wood pallets 
 
As a reference, the free burning test (Test 12) conducted with a ventilation flow of 1.2 m/s is first 
presented. Figure 6 shows the calculated heat release rate (HRR) based on mass flow rates of CO2, 
and CO. It takes about 23 (40) min for the fire to reach a steady state, with an average HRR of about 
3.6 (56) MW. The maximum HRR measured is 3.9 MW during the period the fuel is intact. This 
corresponds to 61 MW in full scale. When two piles of wood pallets suddenly fell down at 44 min 
into the test, the peak of 4.9 MW, or 76 MW in full scale, is obtained.   
 

 
 
Figure 6 The measured heat release rate of Test 12. Free burning test with a ventilation flow of 

1.2 m/s. 
 
Effect of ventilation velocity 
 
A summary of the main effects of the ventilation velocity on the fire development is provided in Table 
5. The maximum temperature in the table refers to the maximum value measured at the position x=1.3 
m (spr11). 
 
Table 5 Summary of the main results at different ventilation velocities. 
 
Test no. Test 1 Test 3 Test 4 Test 2 Test 7 Test 6 
Ventilation velocity (m/s) 0.8  1.2  1.2  1.2  1.2  1.7  
Water density (mm/min) 2.9  2.9  4.3  5.8  8.7  4.3 
Activated sprinklers 21 21 12 5 4 10 
Activation time (min) 3.8 3.5 2.8 3.5 3.9 3.0 
Maximum HRR (MW) 1.81 1.82 1.63 1.09 1.16 2.06 
Maximum temperature (℃) 179 111 155 123 161 148 

 
Figure 7 shows the effect of ventilation velocity on the HRR development. Table 5 show that when 
the water density is 2.9 mm/min, the maximum HRR is 1.8 MW for both Test1 and Test 3, and 21 
sprinklers are activated. The effect of ventilation velocity on the fire development in this case is 
limited as the ventilation flow increases from 0.8 m/s to 1.2 m/s, although an earlier extinction is 
found in Test 1. When the water density is 4.3 mm/min, as the ventilation flow increases from 1.2 m/s 
(Test 4) to 1.7 m/s (Test 6), the number of activated sprinklers changes from 12 to 10, and the 
maximum HRR increases from 1.6 MW to 2.0 MW. As the ventilation velocity increases, the hot 
smoke is pushed downstream and less sprinklers upstream the fire source are activated. From Table 5 
it is clear that the water density is affecting the number of activated sprinklers. However, the 
ventilation velocity is not systematically affecting the number of activated  sprinklers and the 
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activation time of the first sprinkler appears not be clearly affected by the increased longitudinal 
ventilation velocity. The activation time of the first sprinkler varies from 2.8 min for 1.2 m/s to 3.0 
min for 1.7 m/s to 3.8 min for 0.8 m/s, and the corresponding HRR is around 0.1-0.2 MW, 
corresponding to 1.6-3.1 MW in full scale. The maximum HRR varies from 1.09 MW for 1.2 m/s to 
2.06 MW for 1.7 m/s. For 0.8 m/s the maximum HRR is 1.81 MW. Similar for the maximum 
temperature. The only conclusive results here is the effect of water density on the number of activated 
sprinklers. The other parameters vary in the range of uncertainty found in performance of this type of 
tests.  
 

  
 
Figure 7 The measured heat release rates at different ventilation velocities: 0.8 m/s (Test 1), 1.2 

m/s (Test 3 and 4) and 1.7 m/s (Test 6). The water density is 2.9 mm/min for Test 1 and 
Test 3, 4.3 mm/min for Test 4 and Test 6.    

 
Figure 8 shows the measured ceiling temperature, CO concentration and visibility at different 
ventilation velocities. The ceiling gas temperature reached more than 150 ℃ (except Test 3, 111 ℃), 
but quickly dropped to ambient after the activation of sprinklers. In Test 3, the temperature initially 
dropped after the activation but later rised to more than 50 ℃, which suggests that the smoke at x=1.3 
(3.9) m was not effectively cooled down and thus to avoid this a water density greater than 2.9  
mm/min is needed. Compared with the free burning Test 12, in which a maximum temperature of 826 
℃ was registered, the sprinkler system significantly reduced the temperature to below 200 ℃ near the 
fire source and thus can effectively protect the tunnel construction. The CO concentration at x=27 m 
was only slightly affected by the ventilation, with a maximum around 1 % (1.3 % for Test 1) for all 
the tests. The visibility at x=27 m quickly dropped after 2 min and decreased to almost zero at 10 min 
for Test 4 and Test 6, then stayed at a low value. The visibility in Test 1 later recovered to 30 m at 53 
min, due to the extinction of fire. Notice that the visibility was measured outside the range of 
activated sprinklers, and the decrease in visibility is therefore related to the de-stratification of the 
smoke layer due to the drag effect of the sprinkler sprays.  
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(a) ceiling temperature at x=1.3 (3.9) m 
 
 

  
 
 
(b) CO concentration at 0.12 m below ceiling at x=27 (81) m 
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(c) visibility at 1.18 m below ceiling at x=27 (81) m 
 
Figure 8 Measurements at different ventilation velocities: (a) ceiling temperature, (b) CO 

concentration and (c) visibility. 
 
Effect of activation temperature 
 
A summary of the main effects of the activation temperature on the fire development is provided in 
Table 6.  
 
Table 6 Summary of the main results at different activation temperature. 
 
Test no. Test 5 Test 9 Test 11 Test 4 Test 7 Test 10 
Activation temperature (℃) 68 93 93 141 141 141 
Water density (mm/min) 4.3  8.7  4.3  4.3  8.7  8.7  
Activated sprinklers 16 6 15 12 4 5 
Activation time (min) 1.5 3.9 2.8 2.8 3.9 3.8 
Maximum HRR (MW) 1.34 0.98 1.40 1.63 1.16 1.20 
Maximum temperature (℃) 83 180 92 155 161 97 

 
Figure 9 shows the effect of sprinkler activation temperature on the HRR development when the water 
density is 4.3 mm/min. The HRR development does not show clear difference until after 23 min when 
the fire starts to decay. Table 6 show that the number of activated sprinklers is not so sensitive to the 
activation temperature and it show the same tendency as in Table 5 that the water density is the 
governing parameter for the number of activated sprinklers. The activation time is 1.5 min for 
activation temperature of 68 ℃  and 2.8 - 3.9 min for 93 ℃ and 141 ℃. Notice that the activation 
times for 93 oC and 141 oC are quites similar. Some differences can also be found in the activation 
time between tests with a water density of 4.3 mm/min (1.5 to 2.8 min) and that of 8.7 mm/min (3.8 
and 3.9 min). The difference should not be dependent on the water density as it occur prior to water 
delivery. It appears that the activation time is a very sensible parameter in the tests. Maximum 
temperature varies also with no clear tendency but it seems partially correlated with activation time, 
as a greater activation time usually corresponds to a higher maximum temperature. The maximum 
temperature is 155°C for Test 4 (activation time 2.8 min, activation temperature 141°C, water density 
4.3 mm/min) whereas it is only 97°C  for Test 10 (activation time 3.8 min, activation temperature 
141°C, water density 8.7 mm/min). On the contrary, the maximum temperature reaches 92°C for Test 
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11 (activation time 2.8 min, activation temperature 93°C, water density 4.3 mm/min) whereas it is 
180°C for Test 9 (activation time 3.9 min, activation temperature 93°C, water density 8.7 mm/min).  
 
The above analysis shows that the effects of the water density are conclusive whereas the effects of 
other parameters are more unclear. Using 68 ℃ yield the fastest activation with the RIT value used, 
but there is no consistency found in the results concerning 93 ℃ or 141 ℃, and thus either value 
could be used. A lower activation temperature can help the system to activate earlier but the tests 
shows no significant improvement on the suppression performance, and meanwhile it may make the 
system too sensitive. In addition, if too may sprinklers are activated, the system may not work 
properly. On the other hand, a higher activation temperature makes the system harder to be activated. 
A value of 93 ℃ is therefore recommended for the investigated tunnel. 
 

  
Figure 9 The measured heat release rates at different sprinkler activation temperature: 141 ℃ 

(Test 4), 68 ℃ (Test 5), 93 ℃ (Test 11). The water density is 4.3 (7.5) mm/min. 
 
 
Effect of water density 
 
The effect of water density on the HRR development is shown in Figure 10. As the water flow 
becomes greater, the number of the activated sprinklers decreases and the HRR also decreases. From 
Tables 5 and 6, one can see that when the water density increases from 4.3  mm/min to 5.8  mm/min, 
the maximum HRR reduces from 1.63 MW to 1.16  MW and the number of activated sprinklers from 
12 to 5. Based on the test data presented here, the water density of the system is of crucial importance 
and is recommended to be equal to or greater than 10 mm/min in full scale for the investigated tunnel. 
 
 
Presence of wind break 
 
The HRRs with wind break (Test 4) and without it (Test 8) are shown in Figure 11. There are 12 
sprinklers activated in Test 4, compared with only 8 in Test 8. The maximum temperature is 155 ℃ in 
Test 4 and 210 ℃ in Test 8, but both drop to a very low value after the activation. The CO 
concentration in both tests is lower than 1 %. A slightly lower CO concentration is found in Test 8. 
The visibility quickly drops to zero at about 3 min in both tests. According to the limited test data one 
may conclude that the removal of wind break in Test 8 has limited effect on the test results. 
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Figure 10 The measured heat release rates at different water density: 5.8 mm/min (Test 2), 2.9 

mm/min (Test 3), 4.3 mm/min (Test 4), 8.7 mm/min (Test 7). The ventilation flow is 2.1 
m/s, the activation temperature is 141 ℃. 

 
 

  
 
Figure 11 The measured heat release rates with (Test 4) and without (Test 8) wind break. 
 
 
CONCLUSIONS 
 
For performance of an automatic sprinkler system in a tunnel, the early activation is of utmost 
importance. Based on the model scale tests performed, the activation time of first sprinkler is found to 
be around 2.8-3.8 min (full scale 4.9-6.6 min), when the fire size is in a range of 0.1-0.2 MW (full 
scale 1.6-3.1 MW). As one typical case with fire on the right side of the full scale tunnel investigated, 
the estimated tunnel velocity maintains at 1 m/s for the first 5 minutes and gradually increases to 2 
m/s at 10 minute [4]. Under such conditions, the ventilation flow has a limited effect on the system 
activation.  
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The activation temperature plays an important role on the system. Using 68 ℃ yield the fastest 
activation with the RIT value used, but there is no consistency found in the results concerning 93 ℃ 
or 141 ℃, and thus either value could be used. A lower activation temperature can help the system to 
activate earlier but the tests shows no significant improvement on the suppression performance, and 
meanwhile it may make the system too sensitive. In addition, if too may sprinklers are activated, the 
system may not work properly. On the other hand, a higher activation temperature makes the system 
harder to be activated. A value of 93 ℃ is therefore recommended for the investigated tunnel.  
 
The water density of the system is of crucial importance and is recommended to be equal to or greater 
than 10 mm/min for the investigated tunnel. A lower water density can undermine the system 
suppression performance while the improvement by adopting a greater water density is small.  
 
The tests suggest that the automatic sprinkler system in the full scale tunnel with low ventilation 
(about 2 m/s in full scale or less) is expected to perform relatively well. The model scale technique 
used in the parametric study appears to have worked very well and show the capability to use this type 
of technique in future projects.  
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ABSTRACT 
The existing tunnel structures in Germany are characterised by progressive ageing, which is 
particularly evident in the tunnels’ inner lining. In addition, under the influence of incisive events and 
new research results over several years, the government has reviewed and updated some of the 
guidelines under which these buildings were designed and constructed. If deterioration now requires 
the repair of a building, these new requirements must be taken into account. This can sometimes lead 
to a considerable increase in the requirements for operational safety, durability, resistance, or 
structural fire protection. 
 
In the German research project KOINOR a sprayable geopolymer is being developed, which should 
fulfil the requirements for a tunnel lining regarding the new guidelines. It focusses on high fire 
resistance as well as high resistance to other concrete-attacking substances, such as chlorides or 
sulphates. This publication presents fire tests on small-format test specimens for analysing the spalling 
tendency. Moreover, fire tests on specimens with thermal elements are presented in order to assess the 
temperature distribution in the structural component. In addition, investigations of material properties 
before and after the fire tests are compared in order to be able to determine the suitability of the 
developed cement-free shotcrete as a fire protection coating. Furthermore, necessary investigations 
regarding the bond behaviour of the coating and the load-bearing component will be discussed. 
 
Keywords: Fire spalling, cement-free shotcrete, thermal properties, mechanical properties, fire 
protection coating 
 
INTRODUCTION 
 
Background 
The existing tunnel structures of road, rail and metro modes of transport are at times exposed to heavy 
strain in the course of their useful life, which can lead to damage to the tunnel substance. The first road 
tunnels were constructed at the beginning of the 1970s, first railway tunnels as early as 1850. Based on 
the data, it can be concluded that railway tunnels currently have an average useful life of around 100 
years and the oldest road tunnels around 50 years. Therefore, a large proportion of tunnels must have 
already reached the limit of their calculated useful life and will therefore induce substantial repairs and 
structural improvements in the future. [1] 
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Decisive for the corresponding structural measures are - apart from the ageing of the building 
substance - also the changes in the regulations and the resulting increasing safety requirements for the 
tunnels themselves. The tunnel fires in the Mont Blanc Tunnel (1999), Tauern Tunnel (1999), 
Gotthard Tunnel (2001) and Eurotunnel (2008) showed that, in addition to operational improvements, 
improvements are also required in the area of structural fire protection. Valid standards and regulations 
are now also considering those improvements. [2] 
 
A view of the current stock and the currently planned maintenance work - as compared in Table 1 - 
shows that planning in this area has as so far only affected a small part of the current inventory and 
that there will therefore be a far greater need for repairs and structural improvements to tunnel 
structures in the future. 
 
Table 1 Comparison between current inventory and planned future maintenance [cf. 1] [cf. 3]  

[cf. 4]. 
 Railway 

Tunnel 
Road 

Tunnel 
Subway Tunnel 

Current stock 535 km 305 km 604 km 
Future planned 
maintenance 

13 km 13 km Example of the Hamburg elevated railway: 
Tunnels constructed between 1912 and 
1913 

Problems and objectives 
Progressive ageing of the building stock on the basis of the abovementioned interrelationships forces a 
considerable need for maintenance in the medium term, especially for traffic tunnels and 
accompanying structures of the underground traffic infrastructure. An increased volume of traffic, also 
in connection with alternative propulsion systems, which will increasingly penetrate the market in the 
future, can additionally lead to a considerable increase in potential fire loads in tunnels and to a 
significant increase in the risk of major accidents.  
 
These interrelationships result in a valid threat situation for the underground infrastructure. The 
current rules and regulations already largely take into account the latter scenarios on the impact side - 
the amended design specifications for structural fire protection already cover a large number of 
conceivable situations and impacts. However, the overwhelming majority of existing buildings were 
constructed under specifications, which can now be regarded as outdated. This means that in the event 
of an incident, significant problems on the resistance side and thus potentially large damage 
magnitudes in the event of fire events are possible. Therefore, a repair or structural improvement to 
current safety levels is promptly necessary, but at the latest in the case of a repair of the structure due 
to ageing. This can dissolve the existing protection of existing structures and therefore make 
conformity with valid regulations unavoidable.  
 
Against this background, the KOINOR project aims to develop new methods for the repair of tunnels 
and to ensure their effectiveness through suitable investigations. An additional aim is to compile 
availability-friendly repair concepts so that, in the event of a structural measure being necessary, a 
negative impact on the traffic network surrounding the tunnel can be minimized. 
 
FIRST STEPS IN KOINOR 
 
Fundamentals of geopolymer concrete  
Geopolymers are inorganic binders, whereby the prefix "Geo" intends to reflect the close material 
relationship to geological materials [5]. Geopolymer binders are 2-component systems consisting of a 
reactive solid component and an alkaline activation solution. Figure 1 illustrates the definition of a 
geopolymer in the manufacturing process. The contact of the two components binder (solid) and 
activator leads to a hardening of the mixture. In a first reaction step, the alkaline activator releases the 
solid and in a second reaction step, an alumosilicate polymer condenses from the solution. The result 
is a water-resistant network structure, which is aluminosilicate, amorphous to semi-crystalline. [6] 
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Figure 1 Possible source materials and processes for the preparation of geopolymers [cf. 6]. 
 
Depending on the selected raw materials and recipes, geopolymers can be attributed positive 
properties. For use as a repair system, these include, above all, temperature and chemical resistance, 
high impermeability and low permeability as well as fast curing time with high final strengths. [6] [7] 
 
First tactile tests for thermal action 
Internationally, the consideration of different scenarios for determining the fire resistance of a 
structure for the underground infrastructure is necessary. These scenarios are usually represented by 
temperature-time curves. Figure 2 provides an overview of these fire curves. The unit temperature 
curve (ETK) is based on a solid-liquid fire without ignition, smouldering and cooling phases. The 
ETK is used in tunnels, e.g. for the design of fire doors. It is consequently included for comparison 
reasons. The same applies to the hydron carbon curve (HCC), which is used in some European 
countries to design tunnel fires. The Dutch Rijkswaterstaat curve (RWS curve), for example, is 
derived from fire tests in a scale model tunnel. In Germany, regulations exist for road and rail tunnels 
in the relevant standards: ZTV-Ing. T5 [8] for road tunnels and RIL 853 [9] and EBA-RIL [10] for rail 
tunnels. [11] 
 

 
Figure 2 Different internationally and nationally used fire curves. 
 
The EBA and ZTV-Ing curves, which represent the requirements of the German regulations, are 
particularly noteworthy. It is significant that in almost all cases of fire, spalling is observable on all 
curves when common concrete mixtures are used - i.e. cement-bonded concrete without the addition of 
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polypropylene fibres. This phenomenon has meanwhile been adequately described and 
documented [12]. Such spalling becomes a problem because, with sufficient spalling depth, either the 
reinforcement is directly exposed to the thermal effect or the remaining layer thickness covering the 
reinforcement is insufficiently small that it rapidly heats up and thus loses its ability to absorb tensile 
stresses. As a result, a partial structural failure of the tunnel lining can occur, combined with the loss 
of serviceability up to the complete loss of the structure. 
 
The development of a repair solution made of geopolymer concrete theoretically offers several 
advantages in this context. In order to investigate its behaviour in case of fire, a 1300° hot metal block 
was first stored on two different substrates as part of a preliminary investigation (exemplarily shown 
in Figure 3). This was a concrete construction with an applied supplementary layer, consisting of a 
PCC/SPCC concrete substitute (Natufill KM 250) according to ZTV-Ing. (Figure 4a) and a 
geopolymer (Figure 4b). For this purpose, the abovementioned layer was applied to the substructure in 
a manual procedure, since no sprayable solution existed at the time of the preliminary test. 
 

 
Figure 3 Exemplary depiction of the glowing metal block on the base. 
 
After an exposure time of about ten minutes, the metal block was removed and the thermally 
penetrated substrate was examined. The damage observed is documented in Figures 4a) and b) below. 

 

Figure 4 Support area of the glowing plate in the preliminary test when using  
a) repair plasters and b) geopolymer concrete. 

 
The figures above clearly show the positive effect of geopolymer concrete, which even leaves behind a 
system developed for the RWS curve. The spalling caused destruction of the contact surface of the 
conventional concrete with applied repair plaster (Figure 4) compared to the geopolymer-based 
solution (Figure 5) is visible. The latter solution shows only slight crack formation in the surface area, 
whereby it must be taken into account that these do not result from cracks in the applied geopolymer 
layer but from cracks in the substructure, which have spread to the surface. 
 

a) b)
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Experimental concept 
Based on the preliminary investigations, a sprayable geopolymer concrete will be developed, which 
will mainly be used as a fire protection coating for tunnel maintenance. The coating is applied by both 
wet and dry spraying, therefore a sprayed mortar and a shotcrete recipe are developed for each 
process. The structure of the investigations is shown in Figure 5. 
 

 
 
Figure 5 Design of experiments for the project KOINOR. 
 
In a first step, a recipe is developed for which the mechanical material parameters and the properties 
under the influence of temperature are tested. Prisms of different recipes are tested in a small muffle 
furnace and the recipe with the best behaviour under temperature loading is analysed further. In order 
to reduce the heat transfer in the building material, further additives and agents are added and the 
respective heat transfer is determined. This publication focuses on the results of this study. At the 
same time, durability tests are carried out and material parameters are determined before and after 
temperature loading.  
 
In a further step, both wet and dry spray tests are carried out to check the suitability of the process 
technology. In these tests, safety components such as dust generation are also taken into account. In 
these tests, large-format test specimens are produced in order to be able to assess the effectiveness of 
the construction material in addition to the investigations on recipe development. For this purpose, the 
coating is applied in both spraying processes to typical surfaces for older traffic tunnel structures 
(masonry, in-situ concrete and shotcrete). The adhesion behaviour is analysed in shear tests 
afterwards. 
 
In addition, large-format fire tests are carried out in which the components are exposed to an actual 
fire. With electric furnaces it is not possible to follow a very short heating-up phase as required by the 
specifications. In order to be able to assess the behaviour of the building material in this phase as well, 
these tests are outsourced. Finally, a temperature impact on a loaded construction element is 
investigated in order to be able to assess the influence of the load during the fire phase.   
 
RECIPE DEVELOPMENT 
 
Recipe modification on small-scale test specimens under temperature loading 
As shown, the preliminary investigations have shown that a geopolymer concrete has good material 
properties with regard to its reduced spalling tendency. However, the possibility of sprayed application 
is necessary in order to achieve the requirements. In addition, a repair solution made of geopolymer 
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concrete must meet certain construction material and mechanical requirements. Therefore, the 
development of such a cement-free basic recipe is carried out, which is varied for initial investigations 
on the basis of different starting materials and their composition (Table 2) and tested with regard to 
specific parameters such as compressive and flexural strength. The development is carried out with 
increasing scope of investigation from small-format to large-format specimens. In accordance with the 
"best way out" principle, suitable recipes are further developed in successive steps. 
 
Table 2 Concrete recipes for first fire tests. 
 

Recipe Modification related to basic recipe 
1 Base 
2 Reduced proportion of slag sand flour, increased proportion of fly ash 

3 Significantly reduced proportion of slag sand flour, significantly 
increased proportion of fly ash 

4 Exchange activator 
5 Without microsilica 
6 Wet flow, exchange fly ash 
7 Wet flow, with shrinkage reducer 
8 Reduced proportion of fine slag sand flour 
9 Reduced proportion of fine slag sand powder, without activator 

10 Exchange of fly ash by bauxite 
 
In addition to the determination of basic material properties such as compressive strength, the starting 
point is initially to investigate the behaviour under the influence of temperature on small-format 
samples. The behaviour of the different recipe variations under normative fire load (EBA-curve) in a 
muffle furnace (Figure 6) was determined at the Ruhr University Bochum in tactile tests. 

 

 
Figure 6 a) Linn High Therm Muffle furnace and b) Temperature-time curve according to EBA 

guideline "Requirements of fire and disaster control for the construction and 
operation of railway tunnels". 

 
Under the influence of temperature the samples have become sintered, partially the eutectic was 
reached and the samples began to flow. However, no spalling has occurred in any of the specimens 
tested. The concrete recipe with the best material behaviour is now used for further investigations 
(Figure 7).  

a) b)
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Figure 7 Sample of recipes 3 after temperature loading. 
 
Determination of the eutectic 
The small-format specimens of the selected recipe were tested at different maximum temperatures 
(1,000°C, 1,100°C, and 1,200°C) to determine the yield point. The specimens were placed in the 
muffle furnace after reaching the maximum temperature and remained there for 55 minutes. The 
specimens in Figure 8a show that the yield point of the samples lies between 1.100°C and 1.200°C, 
since the specimens show no change in volume at lower temperatures.  
 
In order to specify this result, the test specimens were examined at 1.125°C, 1.150°C and 1.175°C 
under the same boundary conditions. As can be seen in Figure 8b, the eutectic is slightly below 
1.150°C. This means that there is still a need for further research to prevent the geopolymer from 
flowing. For the heat transfer investigations, the results mean that the maximum temperature has to be 
reduced to 1.100°C in order not to damage the furnace by a possible flow movement.  
 

 
Figure 8 Samples of recipes 3 after temperature loading, a) Temperature of 1,000°C, 1,100°C 

and 1,200°C, b) Temperature of 1,125°C, 1,150°C and 1,175°C. 
 

In summary, it should be noted once again that no spalling has occurred in any test specimen. The 
geopolymer concrete reaches its melting point at a certain temperature, sinters, begins to flow 
smoothly and changes its material properties. This has to be analysed in more detail in further sub-
series and the positive properties are well suited for use in tunnel repairs. 
 
Determination of the mechanical material parameters 
In a second step, the material properties of the selected basic recipe are determined. For this purpose, 
shotcrete tests are carried out in order to be able to consider the influences of the spray process on the 
concrete structure as well. The characteristic values are determined on drill cores taken from the 

a) b)
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sprayed test specimens. Figure 9 shows the results of compressive strength, E-modulus and tensile 
strength of the newly developed geopolymer concrete. The compressive strength of 58.2 N/mm² is 
relatively high for a repair system. The ratio between compressive strength and E-modulus is greater 
for geopolymer concrete than for normal concrete [13]. This fact has a positive effect here, as most 
substrates to be repaired also have lower E-moduli, such as masonry. Another difference to cement-
based concrete is the relatively high tensile strength of geopolymer concrete, which was determined in 
splitting tensile tests. 
 

 
Figure 9 Material parameters of the developed geopolymer concrete. 
 
In addition to the investigations, different curing methods are tested. Preliminary investigations have 
shown that curing has a decisive influence on the quality of geopolymer concrete, especially when 
applied as a coating. The most effective curing method to date until now has been covering with a 
vapour-impermeable film. This gives the geopolymer concrete an adhesive tensile strength of more 
than 2.0 N/mm², which is necessary for effective bonding. These investigations were carried out on 
pavement slabs on which a three centimetre thick layer was applied by both wet and dry spraying 
(Figure 10). 
 

 
Figure 10 a) Dry spraying process and b) Cured pavement slabs after dry spraying process. 
 
Determination of the mechanical material parameters after temperature loading 
These investigations were carried out using a furnace with a larger capacity. The furnace by 
Nabertherm has a volume space of approx. 500 mm x 500 mm x 500 mm and a maximum temperature 
of 3.000 °C (Figure 11). A heating ramp heats up the furnace by, as far as technically possible, 
following the temperature profile of the EBA curve. When reaching the maximum temperature of 
1,200 °C, the temperature level is maintained for 55 minutes to reflect the full fire phase of the curve, 
followed by the cooling phase. However, the heating phase in this electric furnace takes about 220 
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minutes, during which the specimen must already be in the furnace. Due to convection, the furnace 
cannot be opened in the heated stage. 
 

 
Figure 11 a) Furnace of the company Nabertherm and b) Test specimen after temperature 

loading. 
 
Under these test conditions, the standing cylinder flowed to the side when the eutectic was reached 
and broke in the lower part. Similar to the small-format specimens, the cylinder was also sintered. A 
test with regard to compressive strength, E-modulus and tensile strength was not possible as planned 
with these specimens. However, in order to obtain a statement on the material behaviour of the 
geopolymer concrete after temperature loading, the test specimen was cut into pieces (Figure 12a) and 
at least the compressive strength was determined on small elements. Figure 12b) shows the 
experimental setup on one element.  
 

 
Figure 12 a) Cut test specimens after temperature loading and b) Small-format test specimen in 

the press 

a) b)

a) b)
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When testing such a small cut test specimen, it must be taken into account that the cutting work may 
cause pre-damage in form of microcracks in the structure. Therefore, the results on compressive 
strength can only be evaluated qualitatively. In the three investigations carried out, the temperature-
loaded geopolymer concrete then exhibits an average compressive strength of 26.2 N/mm². Despite the 
high temperature stress, this is still 45 % of the initial compressive strength.  
 
The aim of further analyses is to prevent the material from flowing. Nevertheless, the sintering 
behaviour should continue as widely as possible, since it is considered to be very positive. The flow 
behaviour after temperature loading of 1200°C will be optimized in further small-format experiments 
in order to be able to subsequently investigate material parameters of drill cores.  
 
HEAT TRANSFER  
 
Modification of the selected recipe 
The pre-selected recipe is modified regarding to the heat transfer behaviour by adding additives with a 
heat-insulating effect. These additives allow an additional expansion space within the concrete 
structure, which disturbs and thereby reduces the heat transfer. The initial recipe is extended by three 
formulations with air-entraining agents and one formulation with air polymer. The air entraining agent 
produces evenly distributed, spherical air entrainings in the concrete and the air polymer forms a 
structure of prefabricated air entrainings with an elastic plastic shell within the concrete. Table 3 
shows an overview of the components of the five tested test specimens. 
 
Table 3 Modification of the basic recipe. 
 

Recipe 1 - Basic 2 3 4 5 

Mass [g] [g] [g] [g] [g] 

Water demand 2000 2000 2000 2000 2000 
Granulated slag 1800 1800 1800 1800 1800 
Filler EFA 3600 3600 3600 3600 3600 
Silica Fume 300 300 300 300 300 
Activator 550 550 550 550 550 
F36 silica sand 3440 0 3440 3440 3440 
Sand 0.2-0.6 2680 2680 2680 2680 2680 
Sand 1.0-2.0 4500 4500 4500 4500 4500 
Sand 2.0-3.0 3730 3730 3730 3730 3730 
Airpolymer  259    
Airentraining agents   19.28 38.52 57.84 

 

During the first project phase, the test specimens are made of in-situ concrete. The material behaviour 
will be tested on a small scale, adapted to the technical boundary conditions, by using test specimens 
with dimensions of 150 mm x 150 mm x 150 mm. These test specimens will be manufactured and 
stored according to DIN EN 12390-2. 
 
Test setup 
Within the KOINOR project, an improvement system shall be developed which can be universally 
applied to all tunnels. Since the EBA curve applies to all modes of transport, the tracing must be as 
accurately as possible with the furnaces during the fire tests and serve as a reference curve for the test 
evaluation. The course of the EBA curve is shown above in Figure 2. The EBA curve takes a 
maximum temperature of 1,200 °C into account. As the preliminary tests have shown, the newly 
developed concrete sinters and flows at approx. 1,135 °C, the maximum temperature for the tests has 
been limited to 1,100 °C. The flow behaviour of the material due to temperature loading can lead to 
damage of the test equipment and must therefore be avoided. At the same time, the recipe is going to 
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be modified in further steps so that the eutectic is above 1,200 °C.  
The furnace used was the same like in Figure 11. A heating ramp heats up the furnace by, as far as 
technically possible. When reaching the maximum temperature of 1,100 °C, the temperature level is 
maintained for 55 minutes to reflect the full fire phase of the EBA-curve, followed by the cooling 
phase. Figure 13 shows the temperature-time-curves depicted in the valid standards in comparison to 
the heating rate of the furnace. The heating rate is significantly lower than in the German regulations, 
but the specimen is exposed to the maximum temperature for the 55 minutes. 

 
Figure 13 Comparison of the normative fire curves with the temperature-time curve of the 

furnace. 
 
After the furnace has cooled down, the specimen is visually assessed. The occurring deformations 
need to be measured and evaluated. After completing the test run, the specimen can be removed from 
the furnace together with the measuring equipment. After carrying out the fire tests on all seven 
specimens, the recorded data shall be read out and processed. The data is then analysed and evaluated 
in accordance with the evaluation criteria defined.  
 
Selection and integration of thermocouples 
In order to obtain a temperature profile for the respective sample cubes, the preparation of a total of six 
measuring points is necessary. The typ K thermocouples are arranged in five layers within the 
specimen and another layer on the surface of the cube. The arrangement shall maintain symmetrical 
distances from the centre of the specimen, with the central position in the centre of gravity of the cube. 
Thereby a temperature profile can be determined over the entire thickness of the cube. Due to the 
further reduction of the vertical distance between the boreholes by the borehole diameter, it was 
decided to drill the elements 2 and 4 from the rear. In this way, non-destructive drilling is guaranteed. 
Figure 14 graphically illustrates the planned arrangement of the thermocouples as well as the test setup 
within the position of the thermocouples in the firing furnace.  
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Figure 14 a) Arrangement of the thermocouples and b) Test specimen with thermocouples in the 

furnace. 
 
Due to the expected rapid strength development of the geopolymer recipes, the integration of the 
thermocouples can take place before the 28-day storage period has elapsed. For this purpose holes are 
drilled into the test cubes in the planned layers, into which the thermocouples can then be inserted. 
Subsequently the holes must be carefully closed using a temperature-resistant special adhesive.  
 
When carrying out the fire tests, the thermocouples are first adjusted and glued up to the end of the 
borehole. To guarantee a distortion-free recording of the temperature inside the test cubes the borehole 
opening must be carefully glued. After fixing the thermocouples, the cube is placed in the cold 
furnace. A refractory material is chosen as the base, which will also protect the oven from damage 
caused by the tested material in the event of any flow-like deformation. Afterwards the thermocouples 
are lead through the furnace door to the outside to be connected to the measurement equipment for 
data acquisition. 
 
Interpretation and analysis of test results  
The heat transfer of the basic recipe is initially tested. The temperature developments of the respective 
thermocouples are shown in Figure 15 over 250 minutes (heating phase + 55 minutes constant 
temperature). The thermocouples 3 and 4 failed in this measurement, so that further investigations on 
the heating phase were carried out on another cube with the basic recipe (Figure 16). 
 
The furnace temperature and the cube' surface temperature differ by about 100°C in the first 60 minutes 
and are the same in the holding phase. Depending on their position in the cube, the thermocouples have 
lower temperatures, though they converge after the heating phase of about 190 minutes. After the 
analysed 55 minutes of loading with the maximum temperature of 1.100°C, thermocouple 1 also reaches 
this temperature. 
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Figure 15 Temperature-time curves for the basic recipe 1-1. 
 
The temperature development in the test specimen is approximately linear. Depending on their position, 
the thermocouples show a temperature difference of about 20° in the heating phase. 
 

 
Figure 16 Temperature-time curves in the heating phase for the basic recipe 1-2. 
 
The extent to which the recipe modification has a positive effect on heat transfer is analysed in Figure 
17. For this purpose, all thermocouples 5 of the different recipes are compared. The curves show that 
the recipes 3, 4 and 5 have a similar heat transfer as the basic recipe 1. Only the recipe with the air 
polymer has a temperature that is up to 100°C lower, at least during the heating phase. This is also 
similar for the other thermocouples. 
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Figure 17 Temperature-time curves for thermocouple 5 of all tested recipes. 
 
For further investigations, the recipe with the airpolymer is modified and subjected to a maximum 
temperature of 1,200°C. 
 
SUMMARY AND OUTLOOK 
 
Material properties 
The publication summarizes the first results from the research project KOINOR, in which a cement-
free shotcrete is developed as a fire protection system for tunnels. The experiments carried out 
provided initial insights into the behaviour of the selected geopolymer concrete recipes in general and 
under temperature loading.  
 
Heat transfer 
In addition, investigations on the determination of heat transfer on modified recipes were presented. In 
order to determine the heat transfer, it is also interesting to change the production method of the test 
specimens and spray them directly. In this way, the effect of the shotcrete process on the material 
behaviour under fire stress can be assessed. For this purpose, thermocouples should also be inserted at 
appropriate intervals in the test specimens in order to obtain a significant temperature profile over the 
entire layer thickness. 
 
Next steps 
A process-related point of criticism of the test procedure in the electric furnace is the all-round 
temperature loading of the test specimens, with the exception of the contact area. This load was 
sufficient to obtain initial insights into the material behaviour under heat loading, but not to simulate a 
realistic fire scenario in the tunnel. However, such a fire event could be simulated by one-sided 
flaming in large-scale fire tests on a suitably equipped test rig. A following step will be to conduct 
further experiments on a test rig for large-scale fire simulations in which a liquid fire, as represented 
by the EBA Directive, can be reproduced with sufficient accuracy, in particular with regard to the 
heating phase.  
 
In addition, investigations of a composite test specimen of sprayed geopolymer concrete on a 
substructure typical for practice are planned. In addition to segments or in-situ concrete inner shells, 
this also includes masonry structures and shotcrete bodies as typical construction methods for existing 
traffic tunnels. These tests are to be carried out under mechanical loading on the substructure. In this 
way, the application case of the repair system is reproduced realistically. The corresponding load 
situation is shown in Figure 18. 
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Figure 18 Load condition of the real-typical application of the KOINOR-system. 
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ABSTRACT 
 
In The Netherlands the fire resistance and spalling behaviour of concrete applied in existing tunnels 
has recently received increased attention after it turned out that the concrete that was classified as 
non-spalling does show spalling. The concrete mixture assumed to be non-spalling has been used 
widely in tunnels in The Netherlands. The Waterwolftunnel, opened in 2013, is an example for this. 
Therefore the fire resistance of the Waterwolftunnel has been assessed using mobile furnace tests. The 
tests showed that the fire resistace was lower than expected and spalling of concrete is the decisive 
mechanism which corresponds to the new insights in the material behaviour of concrete. Based on 
these tests upgrade options have been selected and have been evaluated where availability of the 
tunnel is an important factor. 
 
KEYWORD: Fire resistance, Spalling of concrete, Existing tunnel linings 
 
INTRODUCTION 
 
Protection of existing underground assets against fire is a topic that doesn’t easily lose its interest and 
importance. New test methods, like the mobile furnaces [1], create opportunities for owners to 
evaluate the present situation in a practical way. And the latest experimental results provide insights 
in the real threatening mechanisms: where temperature induced degradation of steel and concrete for 
decades governed the design of fireproofing, spalling [2] can no longer be neglected and even 
demands re-evaluation of existing protection measures. In The Netherlands the fire resistance and 
spalling behaviour of concrete applied in existing tunnels has recently received increased attention 
after the new insight in the material behaviour that the concrete that was classified as non-spalling 
does show spalling [3]. The concrete mixture specified as non-spalling has been used widely in 
tunnels in The Netherlands. Although the safety of the tunnel users is not directly jeopardized, this 
topic is important from the structural safety point of view as well as the availability and asset 
management. 
 
BACKGROUND  
 
The historic development of the safety concept in tunnels regarding fire resistance is summarised in 
[3]. Given the importance of road tunnels and especially the impact of non-availability of the 
infrastructure on the traffic handling, in general the asset owner sets higher safety requirements than 
required in the Building Code, in fire curve, duration and/or damage criteria. With the implementation 
of the European Directive 2004/54/EC in the Dutch Building Code, the requirements are 2 hours of 
fire resistance according to the RWS fire curve for new tunnels below waterways (rivers, canals, etc.) 
and 1 hour for new land tunnels. Requirements for existing tunnels are lower: 1 hour for tunnels 
below waterways and 30 minutes for land tunnels. Note that with the difference in requirements for 
land tunnels and tunnels below water the legislator implicitly accounts for the economic value of 
tunnels below open water. Note additionally that the RWS fire curve is one of the most severe fire 
curves with a quick temperature rise in the beginning to 1140°C after 5 minutes, temperatures of 
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1200°C or above from 10 minutes after the start of the curve and a maximum temperatures of 1350°C 
(after 1 hour). The RWS fire curve is representative for the worst-case fire scenarios with high heat 
release rates, like a large pool fire or large HGV fire in a road tunnel, as found in the UPTUN project  
(results summarized in table 6.2 in [4]) without fire brigade intervention. It is acknowledged that for 
smaller fires the thermal load on the structure is localised, however for these fire scenarios with high 
heat release rates an entire section of a tunnel can be exposed to a thermal load similar to the RWS 
fire curve. 
 
In general tunnels crossing rivers or canals are constructed with a non-spalling concrete mixture and 
passive fire protection on specific locations to prevent collapse of the structure in case of fire. A 
concrete mixture deemed to satisfy this requirements is prescribed in the design guidelines and 
passive fire protection to prevent collapse is located on the roof and the upper part of the walls. In this 
way the reinforcement in zones under tension is protected against high temperatures. The maximum 
acceptable reinforcement (250°C) and concrete (380°C) temperatures when passive fire protection is 
applied are set at relatively low values, compared to e.g. the Eurocode, that prevent irreversible 
elongation of the reinforcement and chemical degradation of the concrete. Walls are in general in 
compression and not protected with passive fire protection. Additionally each (traffic) tube is 
considered as a separate fire compartment, implying that the walls should have a fire resistance to the 
adjacent tube, which can either be a traffic tube or the escape route/cable tunnel. As the lower part of 
the wall consists typically of unprotected concrete, any penetrations or openings in the wall are to be 
closed using fire rated solutions (e.g. fire doors and fire barrier behind emergency cabinets. A typical 
cross-section for a Dutch tunnel below a waterway is shown in figure 1.  
 

 
Figure 1 Cross-section of typical Dutch tunnel below river/canal with two unidirectional traffic 

tubes and central escape route/cable tunnel. Passive fire protection is located on the 
ceiling and the upper part of the walls. Picture from [3]. 

 
WATERWOLFTUNNEL 
 
The Waterwolftunnel, see figure 2, is a 675 m long tunnel below a canal in the N201 between 
Schiphol and the city of Aalsmeer in the Province of North-Holland and was opened in 2013. The 
tunnel is a cut-and-cover tunnel that consists of two tubes for unidirectional traffic with two lanes per 
tube and a central escape gallery between the tubes. The tunnel roof and upper part of the walls is 
provided with passive fire protection boards. The transport of liquefied combustible gases is 
prohibited through the tunnel.  
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Figure 2 Picture of the N201 route with the Waterwolftunnel and a smaller overpass (on the 

picture) connecting Schiphol airport and the city of Aalsmeer. 
 
The Province of North-Holland is the owner of the Waterwolftunnel. The Dutch Law for road tunnels 
(WARVW) sets additonal requirements for a Tunnel Administrator compared to the European 
directive, as it was considered undesirable to reduce the safety level with the implementation of the 
directive compared to the existing safety level before implementation. The Province of North-Holland 
does not have the in-house expertise in the field of tunnel safety, required by the Dutch Law. 
Therefore the Province decided to outsource the tactical and operational activities of the Tunnel 
administration as a performance based contract. As the asset owner the Province defines the strategic 
objectives and will be responsible for the tunnels. To ensure the outsoucing takes place in a controlled 
way, it was decided to set up a strategic partnership with a specialist party for a period of 10 years. 
Additionally, the performance of the tunnel management is measured and assured by Critical Success 
Factors (CSFs). These CSFs can be adjusted annually in consultation between the parties. The 
contract for the management of the tunnels was won in 2013 by Arcadis, which makes Arcadis the 
delegated Tunnel Administrator (Managing Agent) for the Waterwolftunnel. Arcadis is  managing the 
tactical activities and subcontracting the operational activities to service providers. 
 
The concrete mixtures applied in the Waterwolftunnel were based on the concrete mixture in the 
design guidelines, considered to be non-spalling. Given the recent developments, the fire resistance of 
this young tunnel was to be reassessed. The assessment was to be carried out in the regular 
maintenance closures of the tunnel to limit impact on the traffic handling. The Waterwolftunnel has 
been designed for a fire resistance of 120 minutes when heated according to the RWS fire curve, 
required by the Dutch law for a tunnel below open water. This fire curve and duration are 
representative for a heavy goods vehicle fire (either containing solid combustibles or liquid fuel as 
cargo) without any possible fire brigade intervention.  
 
ANALYSIS OF DATA ON THE EXISTING STRUCTURE 
 
Structure of the Waterwolftunnel 
 
The Waterwolftunnel is constructed as a cut & cover tunnel (open pit). From a structural point of view 
three different parts can be distinguished. In the tunnel part below the ‘Ringvaart’ canal all walls and 
ceiling are constructed of casted in-situ concrete. In the remaining part of the tunnel the outer walls 
are constructed using sheet piles covered with precast concrete panels and a casted in-situ roof, 
excluding a part where the roof is locally constructed using precast prestressed beams (below a road 
crossing the tunnel). This is shown in the picture in figure 3. 
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Figure 3 Structure of the Waterwolftunnel 
 
Assessment of concrete mixtures  
 
The assessment of the fire resistance started with the analysis of the available information on the 
existing concrete structure, applied concrete mixture composition, applied fire protection and load 
conditions. In the tunnel many different concrete mixtures have been applied. Based on the concrete 
mixture composition and specification provided by the concrete factory and the characteristic 
parameters provided per batch the expected resulting porosity and permeability has been classified for 
each of the mixtures as these parameters are considered to be important for the occurrence of spalling 
of concrete. Based on the locations where the mixtures have been casted, the classification can be 
linked to specific construction parts. In combination with the characteristics of the applied fire 
protection (and expected failure modes) and the expected load conditions in the current situation 
(higher compressive forces imply higher spalling risk), worst-case locations for the mobile furnace 
tests have been selected, based on the expected susceptibility to spalling.  
 
With respect to spalling, an absolute classification (i.e. a method that unambiguously establishes that 
spalling will or will not occur) is impossible. Therefore, the mixture classification only results in a 
relative ordering: the susceptibility to spalling of a given mixture is determined relative to a reference. 
Parameters that are somehow related to the susceptibility to spalling are: the presence and kind of 
additives, the cement types used, the strength class, the environment class and the consistency class. 
In general, it holds that the higher the strength class, the higher the susceptibility to spalling. In the 
given project however concrete strength class C28/35 had been used for all considered parts, making 
this a nondistinctive parameter. The environment class and the consistency class are actually results of 
the mixture composition rather than independent variables. This makes them irrelevant for the 
classification, although they are useful as a validation of the classification. Only the additives and 
cement types were considered to be governing parameters (mixture charactistics).  
 
For each mixture, the actual values for these parameters were listed. Based on the values, a score was 
given to each parameter, using a simple discrete scale from –2 to 2, where 0 means ‘performance 
equal to the reference’ and a positive score indicates better resistance to spalling. The total score is 
calculated as a weighed sum of the respective scores. The weight factors will influence the total score. 
The correlation between the total score and the environment classes can be used to ‘sharpen’ the 
classification by tuning the weight factors. It should be emphasized though, that this procedure needs 
more scientific background in case it would be used for other objectives than selecting the test 
locations. The result is ‘validated’ against the environmental class, shown in figure 4. The result of the 
mixture classification is a table with the susceptibility score for each part (roof, inner walls, outer 
walls) of every section, see Figure 5. 
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Figure 4 Correlation of the permeability score with the environmental class. 
 

 
Figure 5 Mixture classification with respect to susceptibility to spalling. 
 
ASSESSMENT OF FIRE RESISTANCE 
 
Objective 
 
The objective of this assessment of the fire resistance is to assess whether the concrete applied in the 
Waterwolftunnel complies with the starting point that the concrete mixture is non-spalling when 
exposed to the RWS fire curve (for 2 hours).  
 
Requirements and fire test strategy 
 
The tunnel owner and delegated tunnel administrator preferred to carry out the assessment of the fire 
resistance in the regular maintenance closures of the tunnel to limit impact on the traffic handling. 
Therefore the in-situ fire tests were planned in a single maintenance night. Given the working hours 
available within the maintenance closure, it was considered possible to carry out two in-situ fire tests 
and repair the damage caused before the tunnel needed to be reopened for traffic. Based on the results 
of in-situ fire tests carried out in other Dutch tunnels, it was expected that spalling would occur earlier 
than expected based on the required fire resistance. Therefore it was deemed acceptable to only carry 
out these two fire tests as a quickscan of the fire resistance as a single fire test with spalling already 
proves that the concrete of the tunnel is not compliant with the starting point (i.e. that the mixture is 
non-spalling). 
 
Note that in case spalling would not occur, it would take more in-situ fire tests to substantiate that the 
tests were representative for the whole tunnel: it takes more data to prove compliance using point 
measurements where one point measurement can already show non-compliance. Additionally, still 
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there would be no information available on the unprotected concrete. On the other hand, already in 
case of spalling in one of the tests, it would be clear that spalling can be the decisive criterium for the 
fire resistance.  
 
Selection of fire test locations 
 
The two fire test locations have been chosen based on the concrete mixture assessment: locations were 
chosen on positions with the worst classification of the mixture regarding spalling of concrete and all 
other parameters. Based on in-situ fire tests in other Dutch tunnels and fire tests of similar concrete 
mixtures [2], it was expected that the unprotected parts of the walls would show spalling in case of 
heating according to the RWS fire curve. Carrying a fire test on these locations would not give much 
additional information on the already present passive fire protection. Additionally, most tunnel 
systems are located at the tunnel roof and to increase the passive fire protection thickness on the roof 
would have a large impact on the availability of the tunnel.  
 
Therefore it was decided to carry out fire tests on the tunnel roof, consisting of concrete protected 
with passive fire protection boards (lost shuttering). As only two fire tests could be carried out in the 
regular maintenance nights, two locations were chosen in one tunnel tube, where one locations was 
located close to the crossing of the Ringvaart and the other locations was located near the tunnel 
portal on the opposite side of the tunnel (see figure 3: close to the deepest point and on the far right of 
the figure). The in-situ fire tests were carried out in the zones in the cross-section where the highest 
compressive stresses are expected.  
 
In this way the results of the in-situ fire tests are expected to be representative for the worst-case 
situation for concrete with passive fire protection in the tunnel.  
 
Test setup in-situ fire tests 
 
The in-situ fire tests have been carried out in line with earlier publications [1][5] and the test setup is 
shown in figure 6 and not described in detail in this paper.  
 

 
Figure 6 Test setup for the in-situ fire tests 
 
Limitations of in-situ fire tests using mobile furnace 
 
The fire resistance can be tested by in-situ fire resistance tests using a mobile furnace. This approach 
has its limitations as only point measurements are taken on specific spots, while the assessment 
should be applicable for all relevant locations in the structure as a whole. In this case, the objective is 
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to check the starting point of non-spalling, which can already be proven wrong by having spalling of 
concrete in one of the fire tests. Note again that more fire tests would be required to show compliance 
with the non-spalling starting point.  
 
Further limitations are the size of the exposed surface as well as the fact that the in-situ tests have to 
be stopped as soon as spalling occurs. In this way it is not possible to measure the rate of the loss of 
concrete cover to be able to assess the behaviour of the total structure. 
 
Test results and interpretation 
 
During the mobile furnace tests, spalling of concrete occurred which resulted in a lower fire resistance 
than expected for the Waterwolftunnel taken into account the design of the tunnel. Spalling of 
concrete occurred after respectively 73 and 84 minutes, which is earlier than to be expected for a 
tunnel designed for 120 minutes (the protection was designed for a maximum concrete surface 
temperature of 380°C after 120 minutes exposure according to the RWS fire curve, which is not 
achieved). After the occurrence of spalling the in-situ tests had to be stopped as part of the protocol to 
prevent irreversible damage to the tunnel structure. Although the first occurrence of spalling is not yet 
the moment of collapse, it is expected that further spalling would occur if exposure would have been 
continued.  
 

 
Figure 7 Test results of the in-situ fire tests: spalling of concrete after 73 and 84 minutes 

respectively.  
 
Based on extrapolation of the results, it is expected that the areas protected with passive fire 
protection boards have a fire resistance of at least 60 minutes. Areas without passive fire protection 
boards are expected to have a fire resistance of less than 60 minutes. 
 
Based on these results, it is concluded that spalling of concrete is the decisive mechanism for the fire 
resistance and spalling of concrete occurs at lower concrete interface temperatures than the passive 
fire protection was designed for. 
 
IMPLICATIONS OF THE RESULTS 
 
The Waterwolf tunnel is part of the busiest provincial road in the Netherlands. The tunnel forms the 
link between two core economic areas: Schiphol Airport and Flora Holland in Aalsmeer. Both areas 
are characterized by 24/7 activity and JIT logistics. The trajectory of the Waterwolftunnel is used by 
5000 lorries every day. The availability and reliability of this connection (the Waterwolf tunnel) is 
therefore of great importance for the vitality of the region. To make the tunnel available and reliable 
to operate, the tunnel must at all times comply with the WARVW (Dutch tunnel law) legislation. In 
addition, the tunnel administrator organization must optimally program the regular and variable 
maintenance, during the hours that the closure causes the least nuisance. 
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With the test results described in the previous section, the Waterwolftunnel does not fully meet the 
requirements for fire resistance as described in the Building Decree. Therefore, the province of 
Noord-Holland has reported this to both the authority having jurisdiction (the municipality of 
Aalsmeer) as well as the ‘Omgevingsdienst’ (regional AHJ involved in tunnels). If the Province is 
required to take additional measures, the tunnel will have to be closed for a longer period. This will 
cause inconvenience to the accessibility of the region, with associated inconvenience. 
 
It is important to note that this assessment has been carried out for exposure according to the RWS 
fire curve, one of the most severe fire curves in tunnel fire safety. The assessment is therefore 
representative for the most extreme fire possible in the tunnel: a heavy goods vehicle fire (either with 
solid combustibles or liquid fuel as cargo) without any possible fire brigade intervention and a long 
fire duration.  
 
ASSESSMENT OF UPGRADE OPTIONS 
 
Evaluated upgrade options and assessment method 
 
It is clear the current situation does not fully comply with the minimum requirements for tunnels in 
the Building Decree. Given the Waterwolftunnel is an existing (relatively young) tunnel, it is 
important to distinguish between the minimum requirements for existing tunnels (1 hour) and new 
tunnels (2 hours). However, the intent of the Building Decree is probably not to allow tunnels to 
degrade to the minimum level for existing tunnels shortly after opening unless caused by renewed 
insights in the material behaviour of construction materials. 
 
Different options were selected and evaluated to upgrade the fire resistance. These options include: 

• I. Do nothing and assess risk of large fire and ultimate limit state: This also represents the 
current situation. The in-situ fire tests were stopped when spalling occurred. The first moment 
spalling of concrete occurs is not yet the moment of collapse. By advanced modelling the 
structural behavior can be assessed when spalling occurs and the concrete cover is reduced. 
Note that in that case irreversible damage will occur, but the tunnel would not yet lose its 
water retaining function. Note that redistribution of loads within a section due to the localized 
nature of a fire is not considered feasible given a full tunnel section can be affected for the 
decisive high heat release rate scenarios.  

• II. Applying additional passive fire protection boards: By applying additional fire 
protection boards, the fire resistance can be increased. Conceptually, by applying passive fire 
protection on the unprotected concrete walls only (option A), the fire resistance can be 
increased to at least 60 minutes. By applying additional passive protection on the existing 
boards on the roof and the upper part of the wall as well as (an extra thick layer) on the 
currently unprotected concrete walls (thickness), a fire resistance of 120 minutes can be 
obtained (option B). 

• III. Limiting the fire load (no heavy good vehicles allowed): The thermal impact on the 
structure can be reduced by limiting the fire size in the tunnel. As the design fire size is 
determined by heavy goods vehicle fires, the maximum fire size will be reduced when HGV’s 
are no longer allowed to enter the tunnel. Compliance with the legislation is then obtained by 
providing an ‘equivalent level of safety’. 

• IV. Applying a fire suppression system: When a fire suppression system is installed, a HGV 
fire can still occur, however the heat release rate will be controlled by the fire suppression 
system and smoke temperatures will be reduced as well due to cooling. In this way the 
thermal impact on the structure is reduced. Compliance with the legislation is then obtained 
by providing an ‘equivalent level of safety’. 
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The upgrade options have been evaluated by assessing the following aspects: 
• The works required for implementation of the upgrade option. 
• Interfaces of works with the tunnel system. 
• Main risks of the works. 
• Impact on region around tunnel (people living in the vicinity of the tunnel). 
• Impact on tunnel users. 
• Fire resistance after upgrade options. 
• Compliance with Building Decree. 
• Residual risk after upgrade option. 
• Investment cost upgrade option and annual maintenance costs. 
• Time frame required for application of upgrade opton. 

 
Resulting trade-off matrix and evaluation of upgrade options 
 
A summary of the assessment results for each of the systems is shown in a trade-off matrix in Table 1. 
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Table 1 Main findings summarized in trade-off matrix 
 I. Do Nothing IIA. 

Additional 
fire 
protection 

IIB. 
Additional 
fire 
protection 

III. No HGV 
allowed 

IV. Fire 
suppression 
system 

Works - Remove 
tunnel systems 
Apply boards 
Apply and test 
systems 

Remove 
tunnel systems 
Apply boards 
Apply and test 
systems 

Signage  Water 
reservoir 
Pump room & 
pumps 
Install main 
line and 
valves 

Main 
interfaces 

- Tunnel 
systems on 
walls 

Tunnel 
systems on 
walls/ceiling 

- Drainage  
Detection 
Command & 
Control 
Power supply 

Main risks                     - Tunnel 
systems 
functionality  

Tunnel 
systems 
functionality 

- Drainage  
Power supply 
Detection  
C&C 

Regional 
impact 

- Limited to 
system install 

Limited to 
system install 

Nuisance for 
region by 
HGV’s 

Limited to 
system install 

Impact 
tunnel users 

- Limited to 
system install 

Limited to 
system install 

Detour for 
HGV’s 

Limited to 
system install 

Fire 
resistance 
after upgrade 

Walls > 30min 
Protected 
parts > 60min 

All > 60min All > 120min    

Compliance 
Building 
Decree 

Not compliant Reqs. for 
existing 
tunnels 

Reqs. for new 
tunnels  

Equivalent 
level of safety 

Equivalent 
level of safety 

Residual risk Collapse 
(local) 
Non-
availability 
Damaged 
tunnel systems 

Limited 
damage in 
most cases 
Damaged 
tunnel systems  

Limited 
damage 
Damaged 
tunnel systems 

Local damage 
structure & 
systems 

System failure 
could lead to 
large HGV 
fire 

Investment 
cost 

Low Medium High Low High 

Time frame - 4 weeks/tube 10 weeks/tube - 2 – 4 
weeks/tube 
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FINAL DECISION 
 
Currently no decision has been made yet on what upgrade option will be applied (including the option 
‘Do Nothing’). 
 
The Province of Noord-Holland will in consultation with the AHJ have to carry out additional 
research into the required measures. For the Province of Noord-Holland, it is important to minimize 
the impact on the regions around the tunnel, which includes the tunnel users and people living close to 
the roads impacted by rerouted traffic in case of tunnel closure. A full closure of the Waterwolftunnel 
for a prolonged period would cause serious disturbance of the traffic handling in this region of 
economic importance. Also this would lead to extra safety issues on other places in the network. 
 
Additionally, although not many HGV’s with hazardous goods use the tunnel, keeping these out of the 
tunnel would not solve the issue as a HGV loaded with goods that are not considered as hazardous 
(like pallets or furniture) could still lead to high heat release rates and a thermal load on the structure 
according to the RWS fire curve. Closing the tunnels for all HGV’s is not considered feasible as the 
tunnel was originally built for this HGV traffic and would lead to nuisance of HGV traffic for the 
surrounding region. 
 
CONCLUSION 
 
After the spalling behaviour of concrete applied in tunnels has recently received increased attention in 
The Netherlands, it became clear the fire resistance and specifically the spalling behaviour of the 
Waterwolf tunnel needed to be reassessed. The assessment has been carried out using in-situ fire tests 
and these showed that the fire resistance was lower than expected as spalling of concrete is the 
decisive mechanism for the fire resistance. Different upgrade options have been selected and have 
been evaluated. In the evaluation the aspects to comply with the legislation and the nuisance for the 
region and tunnel users are considered important factors as prolonged closure of the tunnel is 
considered unacceptable. Therefore, the closure time of the tunnel required for the upgrade measure is 
considered important. Also the important economic value of the network connection made by the 
tunnel was taken into account. The Province of Noord-Holland is currently in the process of 
evaluation of upgrade options and no decision has been made yet on what option to apply. 
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ABSTRACT 
 
Escalators typically provide a major portion of an underground station's vertical circulation capacity 
during normal operations. For emergency operations, however, escalators are not automatically 
allowed to be accounted for. If escalators can be included in the evacuation design, there is potential 
for more efficient station designs to be developed since the use of escalators for evacuation will 
reduce the egress capacity that otherwise must be provided by stairs. This paper provides a summary 
of research of the issues arising with the use of escalators for evacuation, the current knowledge of the 
subject, and the main design considerations that need to be acknowledged and considered during fire 
safety design in order to make use of that potential. 
 
KEYWORD: evacuation, escalator, life safety verification, fire safety design, analytical design 
 
INTRODUCTION 
 
The configuration of modern underground stations, such as metros and busways, are often influenced 
by spatial constraints of the urban and subterranean landscape. This can mean that facilities need to be 
deep underground and that there are limited opportunities for connections to access and evacuation 
points. These considerations, along with the cost implications of underground development, mean that 
it is beneficial to optimise construction volumes. Vertical transportation between the surface and the 
platforms is one area where the configuration of the normal circulation routes, and the evacuation 
routes, can have significant implications on the complexity and cost of the construction. 
 
Escalators are often installed as part of the normal vertical circulation routes for underground stations. 
Long or multiple runs of escalators may be necessary, depending on the configuration of the station, 
with the escalators providing a more efficient and comfortable patron experience than stairs alone. In 
the context of evacuation routes, however, modern fire safety regulations generally require buildings 
to be designed to facilitate self-evacuation in the event of a fire. Being able to count escalators as part 
of the evacuation design will depend on the applicable fire safety regulations. 
 
Depending on the jurisdiction, it may be that a prescriptive fire safety approach does not allow 
escalators to be used for evacuation. In this case stairs are required to partially or fully augment the 
evacuation capacity that escalators would otherwise provide. If stairs are required to satisfy 
prescriptive fire safety regulations, then this can mean increased widths for vertical transport and 
higher construction costs. The purpose of a prescriptive approach may, however, not be to prohibit the 
use of escalators for evacuation, but rather to ensure that such a design is demonstrated to be 
appropriately safe. To use escalators for evacuation, therefore, may require a performance-based 
approach to be undertaken using analytical design methods to verify the evacuation design.  
 
There are many advantages of enabling evacuation in escalators, particularly for underground stations, 
or similarly in large department stores, offices, and hotels with many floors:  
  

1. Normal circulation routes typically include escalators, which are therefore known routes and 
natural for people to want to use them during an evacuation scenario [1, 2, 3, 4, 5]. 
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2. Compared to stairs, (active) escalators facilitate the vertical movement of people between 
different floors [6]. This is particularly true for people with movement disabilities as well as 
elderly people who may experience difficulties while moving in stairs [7]. Escalators can also 
contribute to minimize the effects of fatigue, which occurs during longer vertical movement 
in stairs; a phenomenon established by Ronchi et al [8, 9, 10]. Furthermore, if escalators 
reverse/stop/continue for a given fire scenario, then this might facilitate people going in the 
correct direction in that scenario. Thus, the potential effect of escalators for evacuation is a 
relatively high, constant flow rate in the right evacuation direction, which is preferable as it 
contributes to minimizing the total evacuation time. 

3. Utilizing escalators for evacuation makes it possible to save valuable floor area, which would 
otherwise have to be used for stairs to augment the evacuation route. In some instances, it can 
be shown that these stairs are not necessary to demonstrate safe evacuation.  

 
At the same time, however, using escalators for evacuation can introduce several risks, such as  
an increased risk of personal injuries (during a reversal or stoppage), a lower flow rate capacity in 
some scenarios and partial loss of essential escape routes (e.g. due to a power outage). In addition, 
there are uncertainties related to the circumstances in which an escalator can, or should be, stopped or 
re-started during an ongoing evacuation scenario. Uncertainties also relate to design occupant speeds 
and flow rate capacities in active as well as stopped escalators. 
 
If escalators are to be used for evacuation the identified risks need to be addressed carefully and in 
such a way that it can be demonstrated that there is adequate time for evacuation. The identified 
uncertainties regarding basic parameters and variables also need to be reduced and expressed as 
design requirements to be able to undertake analytical fire safety design. Examples of such parameters 
and variables for varying escalator setups are: the movement speed of people, flow rate capacities, etc. 
 
Purpose and goal 
 
The purpose of this paper is to increase the understanding for if, and under which circumstances, 
escalators can be used for evacuation (i.e., to be included as an integral part of the evacuation concept 
during analytical fire safety design). Based on a presentation of information and experiences gained 
from primarily past incidents and conducted research, the overall goal is to highlight the risks and 
uncertainties associated with escalator evacuation, and to recommend how these can and should be 
considered during practical application (analytical verification of fire safety designs making use of 
escalators in the way to, or within, escape routes). 
 
Limitations and delimitations 
 
The following limitations and delimitations apply to the material presented in this paper: 
 

1. The focus is on the use of escalators for evacuation. No consideration has been given to the 
other basic aspects that must be addressed as part of a satisfactory fire protection design. 

2. The reversal of escalators for evacuation has not been considered in detail. In the European 
context, there is uncertainty if reversal of escalators would be accepted per EN 115 [11]. 

3. This paper only considers the inputs and considerations needed for the verification of 
escalators for evacuation and does not consider different methods for accounting for 
escalators in quantitative life safety verifications such as ASET/RSET analysis. However, 
having verified that escalators can be used for evacuation, such analyses needs to be 
undertaken in order to ensure that, for example, ASET/RSET related acceptance criteria is 
met, that capacities correspond to the demand, etc. 

4. Recommendations in this paper are based on an internal research project conducted by WSP 
Sweden. This paper is not a verification document that can be used without proper 
consideration of local requirements and conditions. It should be noted that the authors’ 
perspectives are primarily based on experiences in Sweden and the USA. 
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Method 
 
The method adopted to meet the project purposes and goals and to ensure reliable and valid results as 
well as robust recommendations for practical application can be summarized in the following steps: 
 

1. A literature review of research studies related to escalator evacuation was carried out. This 
review included, for example, an assessment of conducted empirical studies of movement and 
flow rates in escalators during both normal operation and evacuation. 

2. To complement the literature review, a study was undertaken to assess and summarize 
knowledge and experiences about/from: 

a. escalator design in general, 
b. past incidents in which escalators have been used for evacuation, 
c. national and international experiences of designing escalators for evacuation, and 
d. regulations, standards, etc. 

3. Based on the information acquired and documented, a risk identification process was 
undertaken to derive risks and uncertainties associated with escalator evacuation. 

4. From the risks identified, recommendations were formulated regarding verification and 
design aspects related to escalators for evacuation. 

 
ESCALATOR DESIGN 
 
Escalators are motor-driven mechanical devices that automatically transport people from one floor to 
another. In terms of design-functionality, escalators and stairs differ in a few ways. Escalators often 
have higher riser and tread sizes compared to stairs, and differences exist also in the design of step 
nosings. Furthermore, escalators tend to lack the presence of mid-landings required in longer stairs. 
 
Escalator speed is typically measured in the same direction as the movement of the steps, i.e., along 
the slope of the escalator. Most escalators run at a constant speed, but there are some that run at 
variable speeds, which means that their speed increases with the need of additional capacity. 
Frequently used speeds are 0.5 m/s, 0.65 m/s, and 0.75 m/s, with 0.5 m/s being the most common [7]. 
At an inclination angle of 30° the NFPA 130 speed is 0.49 m/s. However, higher speeds may be 
necessary to facilitate desired circulation requirements. For example, the standard speed in the 
London underground is 0.72-0.75 m/s. In other underground transit systems, for example in Russia 
and Ukraine, the speed of the escalators is in the order of 0.9-1.0 m/s in deep parts of the system. 
 
The escalator step width is commonly 0.6, 0.8 or 1.0 m even though the width between handrails is 
usually approximately 0.2 m wider. A step width of 1.0 m usually allows two persons to either travel 
next to or pass each other. The tread is commonly 0.4 m and the riser can be calculated as a function 
of the slope and tread. The riser of an escalator is normally higher than that of a stair [12, 13]. 
 
Most escalators have an inclination of 30°, although there are exceptions. This can be compared to the 
normal angle of a stair which is 27.3°. A higher inclination offers a more compact design (higher 
vertical rise for lesser horizontal run) and is preferable when space is restricted [12, 13]. 
 
Level horizontal steps are required at each escalator landing to facilitate the safe boarding and 
disembarking of passengers from the escalator tread. These allow passengers to steady themselves and 
position their feet correctly on the steps before reaching the transition curve into the inclined section. 
When disembarking, horizontal steps allow passengers to safely step off the moving steps before their 
feet touch the combs [13].  
 
The vertical rise of escalators varies with building type. In deep underground stations, the vertical rise 
of an escalator can exceed 40 m. A higher vertical rise requires more safety restrictions. In the 
European Union (and in other European countries) the European standard EN 115 and the European 
Machine Directive (98/37/EC) define and regulate the safe structural design and safe installation of 
escalators. In North America, the ASME standards (ASME A17.1) are applicable [13]. 
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ESCALATOR EVACUATION IN PAST FIRES 
 
Information about if, and if so to what extent, escalators have been used for evacuation in past fires is 
very limited. Kinsey [14, p. 53], for example, states that: 

It is expected that a number of [..] actual evacuations have occurred in underground 
stations that have included the use of escalators. However, there is a lack of published 

literature regarding such events and where it does exists, details regarding escalator usage 
has not been included or is sparsely mentioned. 

Kinsey [14] presents information on experiences gained from primarily two fires: the evacuation of 
World Trade Center in 2001, and the evacuation of King’s Cross underground fire in 1987. 
 
Based on the interview briefs with survivors from the evacuation of World Trade Center in 2001 
(presented by Kinsey [14], reproduced from Galea et al. [15]), the following can be concluded: 
 

• Escalators (at least, but not necessarily limited to, between the lower mezzanine/plaza and the 
street/concourse levels as well as the underground station and street/concourse level) were 
used for evacuation, despite not necessarily having been verified or designed for evacuation. 

• Initially, two parallel escalators were active and moving (upwards and downwards 
respectively) between the lower mezzanine/plaza and the street/concourse levels. However, 
subsequently both were stopped. When stopped, evacuation initially took place only in the 
normally descending escalator, but eventually, both were used. 

• In contrast to the escalators between the lower mezzanine/plaza and the street/concourse 
levels, the escalators from the underground station were wide enough for people to pass or 
ride between each other. In these escalators, people in general adhered to the norm regarding 
riders and walkers in escalators despite being part of an evacuation: riders used the right side 
and walkers used the left side of the escalators. 

 
Similar to the evacuation of World Trade Center in 2001, experiences from the 1987 fire in King’s 
Cross underground illustrates both that escalators were used during the evacuation, and that normal 
circulation behaviour were used on those escalators. One possible explanation to this is that the 
evacuees were not aware of the immediate danger of the fire until the later stages of the evacuation 
[14, 16, 17]. With a reference to underground stations, Kinsey [14, p. 59] concludes that: 

[..] the study [of the King’s Cross underground fire] serves to demonstrate how reliant 
underground stations have become on the use of escalators during evacuations. The 

restricted availability of such devices and associated egress routes is expected to 
considerably decrease the levels of safety within such structures. 

RESEARCH ON ESCALATOR MOVEMENT 
 
In this paper, research on escalator movement is categorized into, and presented under, the following 
three categories: (1) walking speed, (2) flow rate, and (3) human behaviour. The latter includes 
aspects such as route choice and movement of elderly people as well as people with disabilities. Key 
findings related to each of these categories are presented under each sub-heading, most often 
qualitatively. As a complement to the sections regarding walking speed and flow rate, documented, 
quantitative data is summarized in Table 2. 
 
It should be noted that a large proportion of the current knowledge base stems from empirics, 
observations and experiences from movement in escalators during normal operation. To use and 
practice this knowledge with the purpose to verify and design escalators for evacuation is neither 
prohibited nor inappropriate. In contrast, it appears to be a pragmatic approach, particularly since the 
alternative (i.e., to delimit the sources of information to studies on evacuation) would increase the 
related uncertainties. That being stated, it is of course important both to know about and consider the 
origin of the information during practical application. 
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Walking speed 
 
Research has shown that a person’s unobstructed walking speed can be expected to be lower (than on 
horizontal surfaces) close to entrances of escalators, at least during normal operation [6, 18]. This can 
be expected to be a consequence of the fact that people generally, due to uncertainty and precaution, 
slow down their walking speed to enter escalators [19, 20]. The more people in front of the escalator 
(i.e., the higher population density), the larger the effect, probably because the walking speed of slow 
people will control the speed of the ones behind [14, 21]. In addition, higher escalator speeds have 
been shown to increase the effect of uncertainty and precaution [6]. 
 
Observations in some studies indicate that walking speeds differ in ascending and descending 
escalators [20]. It has, for example, been argued that people on average (considering an entire 
escalator run) walk faster in ascending than descending escalators when there are other people present 
in the escalator. The explanation raised is that people tend to slow down before exiting a descending 
escalator (like the phenomena described above), causing people behind to overtake them. However, 
observations suggesting the opposite (i.e., that people walk faster in descending than ascending 
escalators), particularly when there are not very many people in an escalator, have also been proposed 
in the literature [14]. Furthermore, when considering data from empirics with rather high population 
densities, average walking speeds in active escalators seem to be approximately the same. 
 
People’s walking speed seems to be roughly the same in moving and stopped escalators, and in some 
instances, the walking speed in escalators have been described to be approximately 90 % of that in 
stairs [21]. However, particularly for very young people, the difference seems to be almost negligible. 
Possible explanations as to why people would walk slower in an escalator compared to a stair are: 1) 
the different ratio between tread rise and tread runs (in combination with the escalator slope), and 2) 
the lack of so-called micro pauses that people may benefit from on stair landings. 
 
The effect of physical exertion during movement in escalators is not entirely clear based on the 
reviewed literature. Okada et al. [22] did, for example, observe that people’s unobstructed walking 
speed is independent of the length/height of the escalator. It should be noted, however, that the test 
participants primarily were very young. More recent empirical studies suggest that people’s walking 
speed decrease with the accumulated walked distance in long, stopped escalators (yet not for 
everyone) [8, 14, 23]. In one experiment, the effect of physical exertion even led to people stopping in 
the latter part of the escalator [23]. The largest effect of physical exertion (and the consequences on 
walking speed) have been observed for people that initially walk very fast. It is, however, not unlikely 
that this effect will also be substantial for elderly people, people with movement disabilities, 
overweight people and people with other health problems. 
 
The rather narrow widths of escalators may cause problems for faster walking people to pass slower 
people, both in moving and stopped escalators [14, 22], particularly at high population densities. In 
practice, slow walking (or still standing) people will limit the walking speed of those behind [21]. 
However, given that there is enough room and width, it can be expected that slow walking or still 
standing people move/stand along one side of an escalator, thus allowing faster walking people to 
walk along the other [7, 20]. Kadokura et al. [21] observed, for example, that two moving trails 
formed during an experiment in a stopped escalator of 1 m width. Similar observations have also been 
made in other studies [22, 23], and during the evacuation of World Trade Center in 2001. 
 
Flow rate 
 
It is important to differentiate between the theoretical and practical flow rate capacity of an escalator. 
The theoretical flow rate capacity can be calculated by making use of the following relationship 
(where f is the flow rate [p/s], v is the moving speed of the escalator [m/s], x is the number of steps per 
m [steps/m] and ρ is the population density expressed as number of people per step [p/step]): 
 

𝑓𝑓 = 𝑣𝑣 ∙ 𝑥𝑥 ∙ 𝜌𝜌 
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Given that an escalator moves with a speed corresponding to 0.5 m/s, that there are 2.5 steps per m 
(tread run = 0.4 m), that the step width is 1.0 m and that two people can stand on every step [24], the 
theoretical flow rate capacity can be calculated to 2.5 p/s (150 p/min). Research conducted on 
escalator movement is, however, clear with the fact that practical flow rate capacities are lower than 
theoretical. Bodendorf et al. [24] do, for example, exemplify this with Table 1. In another reference, it 
is stated that the practical flow rate capacity of an escalator can be estimated to be 50 % of the 
theoretical [14]. Possibly, this varies with the type of building. Kauffmann and Kikuchi [6] do, for 
example, report that the practical flow rate capacity can be expected to be lower in a shopping mall 
rather than a building used for public transport/commuting, such as a metro station. 
 
Table 1. Practical handling capacity of escalators according to literature and industry (depending on 

stair width, speed and density; under crowded condition). Reproduced from Bodendorf et 
al. [24]. 

Source 
Practical capacity [p/min] 

v = 0.50 m/s v = 0.65 m/s v = 0.75 m/s 
DIN EN 115-1:2010-06 100.00 121.67 136.67 
BS 5656-2:2004, Weidmann 7.50a 146.30 112.50 
Schindler 100.00 121.70 - 
OTIS 105.00 126.75 135.00 

a Possible error in original reference reprinted in this paper. 
 
One explanation for the difference between theoretical and practical flow rate capacity in escalators is 
that people do not stand as close to each other as assumed in the theoretical calculation [6, 20, 24]. 
Davis and Dutta [20], for example, showed that people can tolerate to stand beside each other or, 
alternatively, pass each other on the same step in an escalator, but not to stand packed in a tight queue 
with one person on each step. Furthermore, empty steps will inevitably occur in a moving escalator, 
simply because people cannot feed into it quickly enough, partly due to the above-mentioned 
uncertainty close to escalator entrances. It should also be noted that in the literature reported, practical 
flow rate capacities can be expected to somewhat vary in real situations. Population densities at 
escalator entrances will, for example, not be the same for an entire evacuation, and people may not 
arrive at a constant flow. 
 
It is possible that there are differences in terms of how close people are willing to stand to each other 
in ascending versus descending escalators. In some references, authors speculate that people are less 
prone to stand close to each other in ascending compared to descending escalators because they are 
facing the back of the person in front [6, 20, 24]. In descending escalators, they would instead be 
facing above the person in front. The consequence would then be that the practical flow rate capacity 
in descending escalators would be higher than in ascending, but no such clear trend can be made out 
in the reviewed data. 
 
Empirical data to base quantitative analyses on are available for both moving and stopped escalators. 
Davis and Dutta [20] has, for example, derived mathematical expressions, which can be used to 
estimate the flow rate in ascending and descending escalators. These are based on the variables that 
they have found to significantly affect walking speeds. Typically, variable flow rate capacities are 
recommended to be used, but if that is not possible, fixed values are also recommended, such as [20]: 
110 p/min for ascending escalators, and 125 p/min for descending escalators. 
 
In addition, Okada et al. [22] and Ronchi et al. [8] present information from measurements either at 
the entrance to or at different heights of still standing escalators. Ronchi et al. [8, 23] conclude that the 
flow rate capacity decreased with increasing vertical height in stopped escalators, but this is likely to 
be an effect of the experiment set-up. In the experiment, all test participants were initially gathered at 
the entrance to the escalator. Later, faster walking people had overtaken the slower walking. 
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Human behaviour 
 
People in a hurry have, during normal operation, been shown to move at higher unobstructed walking 
speeds than other people, pass slower walking people with less comfort distance, and to walk rather 
than stand in escalators. Possibly, but not certainly, these are aspects that can be expected to appear 
during an evacuation. 
 
Based on observations from an older study, Davis and Dutta [20] suggest that people are more willing 
to stand close to each other at escalator entrances and exits compared to in the rest of the escalator. 
They also found that people prefer one to two empty steps in front of them while walking in an 
escalator. On this topic, Delin et al. [9, 10] speculate that people want to have a greater distance to 
other people in front of them during ascending movement in escalators compared to stairs. This, they 
speculate, is related to the typically higher tread rise in escalators, which affects leg movement. Other 
references state that still standing people typically do so on every second step in an escalator, and that 
people who walk in the same escalator do so on every third step [14]. 
 
An interesting observation was made during one empirical study in Sweden, which relates to the 
initial resistance to walk in stopped escalators that normally operate in the opposed direction to the 
one that people are walking/evacuating (also observed during the evacuation of World Trade Center 
in 2001). In one scenario, two parallel escalators were stopped: one normally ascending (in the 
direction of the evacuation), and one normally descending. A queue formed in front of the stopped but 
normally ascending escalator, however, no participants used the normally descending one. After a 
while, the participants also made use of the descending escalator, but when the first participant 
reached the top, the escalator automatically activated. All participants behind (approximately 20 
people) experienced problems maintaining their balance, but no one fell. 
 
According to Ronchi et al. [8], people seem to be less prone to use the handrail when moving in 
escalators compared to when moving in stairs. However, based on other evacuation experiments in 
Sweden, the following conclusions are drawn by the authors [19]: 
 

• Elderly people are more careful than other people when travelling on escalators. They seldom 
walk on escalators, and are careful to place one hand on the handrail. 

• Elderly people tend to avoid stopped escalators. If they must use stopped escalators, they do it 
reluctantly, and take pauses during their movement. 

 
During normal operation, people are more prone to use escalators than stairs (when presented with the 
alternative) [14, 18, 25]. Chien et al. [26] speculates that this behaviour is likely to occur also during 
evacuations. However, this route choice is affected by the queuing situation in front of the escalator 
[20, 27], and in situations with long queues, the tendency to use a parallel stair increases. 
 
Okamoto et. al. [28] conducted research aimed at recording the reaction of pedestrians to a sudden 
stop and restart of the escalator. The proportion of participants taking stabilising action (hold rail, 
pause, loss of balance) was reduced when deceleration for stopping was 0.43 m/s2 as opposed to 
0.61 m/s2. Restarting the escalator, at rates of 0.17 m/s2, or 0.1 m/s2, did cause participants to taking 
defensive action. Acceleration and deceleration rates proposed in standards such as NFPA 130 are 
typically much less than the values reported. 
 
Data summary 
 
In Table 2, a summary of reported walking speeds and flow rates is presented. The reader is referred 
to each original publication for more information about that study, e.g., regarding demographics, if 
data was collected in individual or group experiments, etc. 
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Table 2. A summary of walking speed and flow rates in escalators as reported in various literature 
sources. Lack of information is marked with “-“. 

Ref.       

Escalator properties 

Direction Walking speed 
[m/s] 

Flow rate 
[p/min] Length 

[m] 
Height 

[m] 
Slope 

[°] 

Step 
width 
[mm] 

Tread 
run 

[mm] 

Tread 
rise 

[mm] 

Speed 
[m/s] 

[8, 23] 61 32.5 30 1000 400 197 0 Up 

0.54-0.74 P25 
0.66-0.79 P50 
0.76-1.08 P75 

0.79 

- 

[8, 23] 61 32.5 30 1000 400 197 0 Up 

0.36-0.76 P25 
0.56-0.80 P50 
0.63-0.88 P75 

0.72 

- 

[8, 23] 61 32.5 30 1000 400 197 0 Up - 

46 (0-10 m) 
23 (10-20 m) 
14 (20-30 m) 
12.5 (> 30 m) 

[14] - 

14.6 
14.6 
14.6 
7.6 
7.6 
17.2 
17.2 

- - - - - 

Up 
Up 

Down 
Up 

Down 
Up 

Down 

- 

101 
104 
140 
122 
123 
86 
92 

[14] - - - - - - - Up 
Down 

0.89 [0.88-0.90] 
1.05 [1.03-1.07] 

120 
120 

[14] - - - - - - - Up 
Down 

0.73 [0.72-0.75] 
0.73 [0.71-0.75] 

120 
120 

[18] - - - - - - 
0.45 
0.6 
0.75 

Up/Down - 
94.8 

118.2 
126 

[19] 14.7 7.35 30 1000 400 - 
0 
0 
0 

Up 
Up 

Down 

0.75 [0.19-0.98] 
0.90 [0.16-1.63] 
0.74 [0.46-1.34] 

- 

[19] 14.7 7.35 30 1000 400 - 0.65 Up - 55.2 
[19] 14.7 7.35 30 1000 400 - 0 Up 0.59 [0.43-0.77] 56.4 

[20] - - 30 1000 400 - 0.72 
0.72 

Up 
Down - 119 

133 

[21] 27.2 13.2 30 1004 410 205 0 Up 
Up 

0.7 (group) 
0.8 (individual) 

- 
- 

[22] 49.5 22 - 1015 400 200 0 
0.5 

Up 
Up 

0.79 (old 0.50) 
0.76 (old 0.43) 

- 
- 

[22] 49.5 22 - 1015 400 200 0 
0.5 

Up 
Up 

0.54 (old 0.47) 
0.51 (old 0.43) 

60 
90 

[22] 12.3 5.7 - 990 400 200 0 
0.5 

Up 
Up 

0.78 (old 0.53) 
0.71 (old 0.43) 

- 
- 

[22] 12.3 5.7 - 990 400 200 0 
0.5 

Up 
Up 

0.54 (old 0.48) 
0.45 (old 0.40) 

66 
102 

[24] - - - - - - 0.5 Up 
Down - ~50-100 

~80-110 

[24] - - - - - - 0.5 Up 
Down - ~60-90 

~50-90 

[29, 30] 14.3 6.3 - 1000 400 200 0.5 Up 
Down 

0.85 [0.58-1.60] 
0.99 [0.68-1.74] 

41 
19 

[29, 31] 9.4 4.8 - 1100 400 200 0.5 Up 0.96 [0.45-1.50] 100 

[29, 32] 8.1 3.65 - 1100 400 200 0.5 Down 
Up 

0.95 [0.44-1.93] 
0.82 [0.37-1.74] 

47 
75 

[33] - - 32 1100 460 285 - - - 38 
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RISKS ASSOCIATED WITH ESCALATOR EVACUATION 
 
If escalators are to be incorporated into a fire safety design, associated risks need to be identified, 
analyzed and managed or mitigated in the design process. A summary of risks related to escalator 
evacuation is presented below. This summary is based on the conducted literature review, as well as 
lessons learnt from past incidents, best practices from national and international projects having 
incorporated escalators for evacuation, and related regulations, standards, etc. (primarily from an EU 
and US perspective). In addition, the summary is based on experience from risks identified by others 
for related contexts [34, 35, 36]. 
 
Injuries 
 
Compared to stairs, escalators introduce several risks of injuries, which can be summarized as follow: 
 

• Fall and crush injuries when boarding and disembarking due to movement of the escalator 
compared with the connecting floor. This mostly affects mobility impaired persons such as 
the elderly, intoxicated persons and persons with reduced mobility or orientation capability. 

• Fall and crush injuries due to stops, mechanical failure, breaks failure, steps break, etc., when 
people are using the escalator. 

• Dropped luggage that could injure persons on the downward side of an escalator. 
• Congestion that falls back into the escalators. This can arise when the flow rate capacity of 

one or more escalators is greater than the flow rate capacity from the space they are feeding.  
 
Accessibility 
 
Escalators have a need for operational and maintenance routines, which may affect their reliability 
and availability in fire and evacuation situations. In contrast, stairs represent a more robust (passive) 
solution that require less to none maintenance. The associated risk is that the accessibility of the 
escape routes and the total flow rate capacity may be adversely affected when escalators form part of 
the evacuation route. Escalators may, for example, either be completely blocked (see Figure 1), or 
they may be stopped for maintenance. Escalators may also be stopped due to a power failure. 
 
Accessibility may also be affected if the area in the vicinity of an escalator lift also forms a waiting 
area for, for example, disabled persons. These temporary waiting areas have the potential to create 
blockages or flow rate disturbances that need to be accounted for during the design verification. It is 
noted, however, that the same problem can occur with stairs.  
 

 
Figure 1. Dismantled escalators in an escape route. 
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Movement  
 
Movement in escalators is affected by the escalator design, particularly the rather deep tread depth 
and high riser height. Compared to stairs, walking speeds and flow rate capacities can be expected to 
be somewhat lower, at least for some people, such as the elderly and persons with reduced mobility or 
orientation capabilities. Some people's walking speed, especially in longer escalators, can also be 
expected to decrease with increased vertical height. In particular, this applies to stopped escalators 
because the entire sloped path must be traversed manually. There is an uncertainty regarding how this 
can be translated into design occupant speeds and flow rate capacities in quantitative analyses. 
 
The relatively limited width of an escalator may, furthermore, make it difficult for faster moving 
people to pass slower moving people, thus, affecting their movement speed negatively. This can be 
expected to reduce the expected flow rate capacity of an escalator. Furthermore, the risk can be 
expected to increase with decreased escalator width, and is judged relative to stairs to be slightly 
higher due to the different movement pattern resulting from the differing riser and tread ratio in an 
escalator. This risk is primarily a concern for stopped escalators but could also reduce potential flow 
rate capacity of moving escalators as people may experience problems to pass each other. 
 
Apart from the risk of injuries when escalators are stopped with people on them, there is also a risk 
that people with, for example, movement disabilities will be stuck somewhere between the landings. 
In such a situation, they would be forced to with or without assistance traverse to the nearest landing. 
Doing so, it can be expected that they will affect the movement of others, and consequently, the flow 
rate capacity of the escalator when stopped. 
  
Control strategy 
 
Poorly planned control and operational implementations also pose a risk when escalators are used for 
evacuation. For example, if escalators moving towards an incident are not stopped, there is a risk that 
people, with limited or no means of turning back, are transported from the desired evacuation and 
instead towards the incident. When escalators are used for evacuation it is, therefore, desirable to both 
automatically and manually be able to stop the escalators running against the direction of evacuation, 
and ideally to reverse the direction to maximise the evacuation capacity. Stopping or restarting an 
escalator, however, presents a risk of destabilising people riding the escalator. 
 
VERIFYING DESIGN OF ESCALATORS FOR EVACUATION 
 
In some countries, such as the USA, a fire safety designer designing and verifying the fire safety of, 
for example, an underground station, may adopt NFPA 130 to enable escalators for evacuation. 
NFPA 130 requirements for escalators are prescriptive regarding how escalators can be used for 
egress (specified acceleration and deceleration rates, requirements for audible alarms prior to stopping 
or starting, etc.), landing requirements, flow rate, and the egress allowance (not more than half the 
capacity). However, in many other countries, a fire safety designer who wants to use escalators for 
evacuation needs to verify that design analytically. That means identifying the risks and uncertainties 
associated with escalator evacuation and ensuring these are treated and considered during the design. 
The onus on identifying risks therefore requires a consideration of the hazards that can be faced when 
using escalators for evacuation. 
 
This section presents recommendations regarding how the above-mentioned risks and uncertainties 
may be treated during the fire safety design (and the verification of it). The recommendations have 
been derived within a Swedish context. They are based on the existing knowledge about escalator 
evacuation in past fires and research on escalator movement, both of which have been addressed in 
this paper. However, the recommendations are also based on experience from completed projects and 
regulations, recommendations, standards (such as the NFPA 130), etc., in which escalator evacuations 
have been or are accounted for during fire safety design. The recommendations are presented for a 
standard escalator design, which means an escalator with a 30° inclination, and a moving speed along 
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the slope corresponding to 0.5 m/s, and the implicit assumption is that the escalator in other aspects 
are designed per applicable standards, such as SS-EN 115 [11]. 
 
It should be noted, that using escalators for evacuation can be done for primarily two reasons: 
 

1. To complement other evacuation routes, for example, adding an escalator parallel to a stair, at 
the same time reducing the width of the stair (compared to what is required in terms of 
evacuation capacity). 

2. To completely replace other evacuation routes, e.g., adding one or more escalators instead of 
stairs. 

 
Typically, the reason stated in bullet one is applied in traditional buildings, such as shopping malls. 
Completely replacing other evacuation routes with escalators is typically considered in other types of 
building works, such as underground stations. In these situations, it is reasonable to demand more in 
terms of the design, as a failure of the design would leave evacuees with potentially no evacuation 
routes. In this paper, only the latter design situation is considered. 
 
Injuries 
 
Table 3 presents recommendations that can be incorporated in order to prevent injuries during 
escalator evacuation. 
 
Table 3. Recommendations to prevent injuries during escalator evacuation. 
Risk Recommendation 

Boarding and 
disembarking 

The risk of injuries during boarding and disembarking should be managed by 
the design of escalator landings. The number of flat steps at the upper landings 
should be increased in proportion to the vertical rise of the escalator. For a rise 
up to 6.1 m, there should be two flat steps; from 6.1 m to 18.3 m rise, three flat 
steps; and over 18.3 m rise, four flat steps. 

Crowding 

The risk of injuries due to crowding at the top/bottom of an escalator should be 
managed by analysis of the landing area at the top/bottom of the escalator (if it 
is large enough). This analysis should consider both the design capacity during 
evacuation, and the design capacity during normal operation (see Table 5). 
Particular consideration needs to be given to situations where multiple 
escalators connect to the same landing/area (both to and from), and where one 
or more escalators may be out of service. An example of this is where multiple 
escalators are leading both to and from a landing/area, and where one escalator 
leading from the area is out of service. 

Stopping 

The risk of injuries due to people falling during stops (for other reasons than 
someone pushing the manual emergency stop button) should be managed by the 
following: 
 
• A stop shall be delayed until it is preceded by a minimum 15 s audible 

signal or warning message sounded at the escalator (the signal or message 
shall have a sound intensity that is at least 15 dBA above the average 
ambient sound level, accounting for any emergency equipment operation, 
for the entire length of the escalator), or  

• where escalators are equipped with the necessary controls to decelerate in a 
controlled manner under the full rated load, the stop shall be delayed for at 
least 5 s before beginning deceleration, and the deceleration, rate shall be no 
greater than 0.052 m/s2. 

 
See also the recommendations in Table 5. 
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Accessibility 
 
Table 4 presents recommendations that can be incorporated in order to manage risks and uncertainties 
related to accessibility in the context of escalator evacuation. 
 
Table 4. Recommendations on how to ensure accessibility to escalators for evacuation. 
Risk Recommendation 

Unavailability 

The risk of an escalator being out of service, i.e., completely blocked, should be 
considered in the life safety verification (that is expected to be carried out). Life 
safety should be able to verify also for situations where one or more escalators are 
blocked, for example in a scenario analysis of the design evacuation scenario(s). 
The required evacuation scenarios should be identified and justified so that they 
represent a worst credible stress to the system. During the scenario identification, 
an analysis of whether more than one escalator could be blocked at the same time 
(e.g., because maintenance of one escalator requires the adjacent to be stopped, or 
because of an emergency stop during evacuation) should be conducted. 

Power supply 

The risk of escalators stopping due to power failure (or other reasons) should be 
managed during the design. Emergency power should be arranged so that 
escalators for evacuation are accessible and operational for at least the time 
needed for evacuation (equivalent demands apply to control systems, etc., 
required for the operation of the escalators). The additional time needed to assist 
persons in mobility impaired waiting areas (or any other people needing 
assistance for evacuation), should also be considered for the emergency power 
design. In addition, cables should be fire separated from the areas attended by the 
escalators for evacuation (alternatively be fire resistant). 

Queues 

The risk of escalators being blocked by queues to, for example, adjacent areas, 
elevators for evacuation, temporary safe locations (for people with disabilities), 
etc., should be managed during the design. It needs to be ensured that such queues 
do not interfere with the escalator flow rate capacities needed to verify life safety. 

 
Movement 
 
Table 5 presents recommendations regarding escalator design as well as assumptions for quantitative 
life safety verifications. The assumptions are based on the data presented in Table 2, and can be 
treated as a fairly conservative representation of it (seen from a life safety verification perspective), in 
which implicit consideration has been given to the possible presence of people with movement 
disabilities (e.g., regarding the representation of flow rate capacities). No difference is made in terms 
of ascending or descending movement, as there is little support for such differences in the studied 
literature. It is acknowledged that other representations of the data are possible with regards to 
treatment of uncertainties, etc.  
 
To mitigate the risk of physically exhausted people obstructing the evacuation route (i.e., blocking the 
escalator), it is recommended that escalators for evacuation with a step width less than 1000 mm does 
not exceed 15 m in (vertical) height. This is motivated with the difficulties that people may have 
passing other people in narrow escalators. A corresponding delimitation is not recommended for 
escalators with a step width of 1000 mm (or more), as it is easier to pass people in these. The effect of 
physical exertion should in these cases instead be considered by assuming lower flow rate capacities 
in the escalators, which depend on the escalator height. 
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Table 5. Recommendations regarding escalator design and verification assumptions due to risks and 
uncertainties regarding movement in escalators. 

Risk Recommendation 

Walking speed 

The average walking speed along the slope of an escalator (independent of 
whether an escalator is stopped or not) should be assumed to be 0.5 m/s. 
Consideration should, however, be given to people with movement disabilities, 
who may walk even slower, e.g., with a fraction of 0.5 m/s. 
 
The effect of physical exertion should be considered for stopped escalators with 
a vertical height > 15 m according to below (related to assumptions regarding 
flow rate capacities). 

Flow rate 
capacities during 
evacuation 

The average flow rate capacity in a moving escalator should be assumed to be 
50 p/min and 80 p/min for escalators with a step width < 1000 mm and 
> 1000 mm respectively. 
 
The average flow rate capacity in a stopped escalator should be assumed to be 
30 p/min and 45 p/min for escalators with a step width < 1000 mm and 
> 1000 mm respectively. 
 
To allow for the effects of physical exertion the average flow rate capacity in 
escalators with a step width > 1000 mm should be assumed to be as follows:  
 

• <15 m vertical height: 45 50 p/min 
• 15–30 m vertical height: 30 p/min 
• >30 m vertical height: 15 p/min 

Flow rate 
capacities during 
normal operation 

From a life safety verification perspective, the recommended flow rate 
capacities during evacuation have been conservatively derived. That is, they 
represent a worst credible stress to the system during evacuation. At the same 
time, it can be concluded that higher flow rates have been observed and 
reported in studies on escalator movement during normal operation (see Table 
2). Thus, the analysis of the landing area at the top/bottom of the escalator (if it 
is large enough) need to account for these, at least temporarily, higher flow 
rates. For the analysis of the landing area, the average flow rate capacity at the 
top/bottom of the escalator should be assumed to be 90 p/min and 120 p/min for 
escalators with a step width < 1000 mm and > 1000 mm respectively. 

Emergency stops 

The risk of emergency stops during escalator evacuation should be managed in 
a sensitivity analysis to the life safety verification. The purpose is to identify 
how sensitive the result of the verification is to such a stop. Alternative 
measures, such as complementing evacuation routes (in the form of additional 
escalators or stairs) should be implemented if needed. 

Stops 

When a fire is detected, escalators moving towards the incident should be 
stopped per the description in Table 3. The stop should, however, be delayed 
with a time corresponding to the time that it takes a step to travel from one 
landing to the other. The purpose is to: 
 

• allow for people, who may not be able to walk in an escalator, to travel 
to the landing, and to 

• reduce the risk the risk of injuries due to falling as less people can be 
expected to be in the escalator when the stop is finally initiated. 

 
If the stop initiated by fire detection occurs at the same time that someone is 
pushing the manual stop button, the escalator should stop without delay. 
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Control Strategy 
 
Escalators for evacuation should be connected to an automatic fire alarm. Escalators in operation 
moving towards the incident should be stopped, and escalators moving from the incident should 
continue to operate (see Table 5). Maintaining the operation of escalators moving towards the incident 
is considered worse, partly due to the risk related to transporting people to an area of danger, and 
partly due to the risk related to injuries if people will try to turn around in an operating escalator. 
There should, however, be provision for first responders manually control escalators during rescue 
operations. As an example, first responders should be able to stop an escalator and reverse direction, 
especially where there is a deep station and escalators form the principal vertical circulation element. 
 
During evacuation it must be ensured that stopped escalators are not automatically re-activated when 
a person reaches the end landing. In normal operations, pads typically located at each landing activate 
temporarily stopped escalators, but this function needs to be disabled upon detection of fire. 
 
Experiences from past fires, as well as research on escalator movement during evacuations, indicate 
that people are reluctant to move in the opposite direction compared to the one an escalator typically 
operates. In other words, people seem hesitant to move down a stopped but normally ascending 
escalator (and vice versa). Therefore, it is recommended that an evaluation is carried out regarding the 
possibilities to complement emergency exit signs with dynamic signage. The latter could indicate an 
exit route not available during normal operation, but that can (and should) be used for evacuation. 
 
DISCUSSION AND CONCLUSIONS 
 
Escalators typically provide a major portion of an underground station's vertical circulation capacity 
during normal operations. For emergency operations, however, escalators are not automatically 
allowed to be accounted for since an escalator might, for example, be operating in the wrong direction 
relative to egress, be out of service, or the capacity may be uncertain. In order to incorporate escalator 
evacuation as part of a fire safety design concept, the related risks and uncertainties need to be 
addressed so that such a design can be demonstrated to be appropriately safe. 
 
If escalators can be included in the evacuation design, there is potential for more efficient station 
designs to be developed since the use of escalators for evacuation will reduce the egress capacity that 
otherwise must be provided by stairs. This paper provides a summary of research of the issues arising 
with the use of escalators for evacuation, the current knowledge of the subject, and the main design 
considerations that need to be acknowledged and considered during fire safety design in order to make 
use of that potential. The recommendations may help fire safety designers with the work related to 
designing, verifying and demonstrating that escalators can be appropriately safe to use also for 
evacuation. 
 
It must, however, be noted that adding escalators to the egress capacity of an underground station 
takes provisions that were previously passive life safety features, and potentially makes them active 
life safety features. Given that most design issues (capacity, escalator design) are quantified and can 
be dealt with prescriptively, the question of how to provide assurance, via analysis, that escalators can 
be used in an emergency needs to factor in also operational aspects. Operational aspects deal with 
“difficult to analyse”-factors such as system control, people falling, reliability and fire fighter access. 
Key to the success of using escalators for egress is a transparent identification of the issues and a 
checklist is recommended as follows: 
 

• Identify goals for the escalator system with respect to their role as a life-safety feature: 
occupant egress, responder access, all or partial egress capacity. 

• Consider all tangible design parameters including escalator capacity, design of escalators, 
prescriptive factors such as rate of acceleration, deceleration, restarting, etc. 

• Develop analysis for design fire scenarios (smoke movement and egress) factoring in 
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escalators and testing the sensitivity of the design to their inclusion, and failure to operate as 
intended (out of service, significant queuing, emergency stop). 

• Conduct a risk assessment to identify scenarios that could cause escalators to not function as 
intended with respect to design assumptions (e.g. maintenance, equipment failure, emergency 
stop triggered, people falling) and determine failure scenarios critical to the system goals. 

• Develop a control matrix for the escalators linking operation direction of escalators to the fire 
scenarios and emergency system modes of operation (i.e. consider ventilation, egress 
direction, signs, warning announcements, in an integrated manner). 
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ABSTRACT 
With the purpose to increase knowledge on human behaviour during evacuation of underground 
facilities with escape routes involving long ascending tunnels, an experiment was carried out at the 
Äspö Hard Rock Laboratory in March 2018. The objective of the experiment was to collect data that 
later could be used as a basis for evacuation risk and safety assessments in underground tunnels and 
other large infrastructure projects. In total 32 persons participated. The participants walked individually 
upwards 907 m in a tunnel with an inclination of 14 %. During the evacuation, each participant’s 
walking speed, vertical walking speed, heart rate and rating of perceived exertion were documented. 
The measured walking speeds are higher than the walking speeds in previous experiments, but the 
vertical walking speeds are lower. It can also be seen that 59 % of the participants used an intentional 
strategy when moving upwards the tunnel. The results of the current experiment show a tendency for 
walking speed to decrease with increased fatigue. A comparison between the rating of perceived 
exertion and the normalized walking speed indicates that the walking speed and fatigue stabilized during 
the movement in the tunnel. 
 
KEYWORD: evacuation, ascending evacuation, physical exertion, walking speed, vertical walking 
speed  
 
INTRODUCTION 
The number of people using underground facilities in their everyday life is increasing, due to the fact 
that more and more infrastructure is being developed underground. This happens for different reasons. 
One reason is that the densification of cities entails a need to make land above ground available. Another 
is the increased travel demands and the need to improve the transportation networks [1, 2]. There is not 
the same need of intersections and traffic lights when building roads and railway tracks in tunnels 
underground as it is when roads and railway tracks are located above ground. Therefore, the traffic can 
maintain a smooth pace without unnecessary stops, which results in shorter travel times and a more 
effective transportation [2]. The environmental concerns as well as the possibility to reduce exhaust and 
noise levels in the cities can also be a contributing factor [1, 2]. 
 
It is a relatively new phenomenon that many people daily use infrastructures located below ground. 
Therefore, the knowledge and research regarding safety in these environments are insufficient 
compared to e.g. the safety of buildings, roads and railway tracks located above ground [2]. Even though 
accidents in e.g. road tunnels are more unusual than accidents on roads above ground [2], previous fire 
incidents show that fires in underground transportation systems can cause many fatalities [3]. 
 
According to the Swedish building legislation, underground facilities are not categorized as buildings. 
Therefore, the mandatory provisions and general recommendations presented in Boverket’s Building 
Regulations – which are commonly used when designing buildings – do not apply when building a new 
or altering an existing facility located underground. Underground facilities are however categorized as 
constructions, why the two main legislations Planning and Building Act and Planning and Building 
Ordinance apply to these facilities. In order to meet the provisions in the Planning and Building Act, a 
construction must have the technical characteristics which are essential in terms of safety in use [4]. 
What is required of a construction in order to fulfil this provision is specified in the Planning and 
Building Ordinance. Here it is set that people present in the construction in case of fire must be able to 
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leave the construction or be rescued by other means [5]. The Swedish Transport Administration has 
similar requirements for tunnels through their regulations [6] and guidelines [7]. People’s ability to 
evacuate in the event of a fire is one of the most important aspects of safety design [8] and these 
requirements are not unique for Sweden. One way to verify these requirements is to show that people 
can evacuate before critical conditions occur. The possibility of evacuation from underground facilities 
is often verified by calculations and/or simulations. In order to be accurate, these calculations require 
knowledge about people’s movement and behaviour during evacuation from these environments. 
 
When an underground facility is designed for self-evacuation, which Lövgren’s study [2] shows is 
common in Sweden, the people that are in the facility in the event of a fire are expected to evacuate 
without assistance from the rescue services. Examples of such facilities are underground mines, road 
tunnels, metro stations and defence facilities. Evacuation of an underground facility can be more 
challenging than evacuation above ground as it is not uncommon that people must evacuate long 
ascending distances. Uncertainties in how the physical exertion affects walking speeds make it difficult 
to estimate the egress time of the evacuees when designing evacuation routes in this kind of 
environment. The design values for walking speeds in Swedish building regulations [9] are intended for 
movement along horizontal surfaces or short stairs and can therefore be misleading for long ascending 
distances. 
 
Traditionally, movement can be defined as the time it takes for an individual to move a specific distance. 
This can be expressed in different ways; the shortest walking distance between two points, with or 
without halts, or the actual walking route between two points, with or without halts. In this paper, 
movement refers to statement number 1; The shortest distance between two points, including halts. 
Walking speed is defined as movement per unit of time. In this paper, the walking speed is defined as 
meters per second (m/s). Walking speed can also be expressed differently; “traditional” walking speed 
(along the slope), horizontal walking speed (horizontal component of the movement) and vertical 
walking speed (vertical component of the movement) [10]. 
 
The Borg Scale is a scale from 6 to 20, which is used to evaluate the subjective estimation of physical 
exertion [11]. The lowest number on the scale (6) corresponds to no work at all and can be compared 
with relaxing on the sofa in front of the TV. The numbers 13 and 14 represent a physical effort of a not 
very tiring work. The physical exertion can be felt, but not in a way that it affects the work significantly. 
The numbers 15 and 16 correspond to a noticeable physical effort, which leads to faster breathing and 
makes it difficult to talk. An exertion level corresponding to the numbers 17 and 18 is tiering and can 
be compared to a hard workout. The highest numbers 19 and 20 correspond to an exertion level that 
makes it difficult to continue [12]. The Borg Scale is used in several areas of application, such as sports, 
medicine and ergonomics [13]. 
 
BACKGROUND 
Available data from previous experiments regarding evacuation upwards has been summarized in 
Table 1, which is based on the literature review presented in the study by Ronchi et al., tables 1 
and 2 [1]. As can be seen in Table 1, only one study in inclined tunnel environment has been found.  
 
Ronchi et al. [1] suggested that the mean walking speed alone should not be used as design value in 
evacuation calculations, and presented the walking speeds also for slowest, fastest and median 
participants. In Table 2 such speeds have been compiled for the Ronchi et al. [1] and the Zhang et al. 
[14] studies, by extracting the values from relevant graphs and rounding them to the nearest multiple of 
0.05. 
 
At the time of the study presented in this paper, Zhang et al. [14] had not yet been published and the 
only study that thoroughly investigated the walking speeds and the behaviour during long ascending 
evacuation was the study of Ronchi et al. [1]. The study presented in this paper has therefore further 
investigated their results, but in an inclined tunnel environment with a larger distance of 900 m (127 
vertical meters). The objective of the study was to gather data that could later constitute basis for 
evacuation risk and safety assessments in underground tunnels and other large infrastructure projects. 
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Table 1 Previous experiments with focus on ascending evacuation. 
Average 
walking 
speed [m/s] 

Comment Surface Country Year Reference 

0.67 Men younger than 30 years 

Stairs USA 1971 [15] 

0.64 Women younger than 30 years 
0.63 Men between 30 and 50 years 
0.59 Women between 30 and 50 years 
0.51 Men older than 50 years 
0.49 Women older than 50 years 
0.52 Single person, not affected by others 

Stairs Germany 2008 [16] 0.47 A group of people with low density not 
affecting each other 

0.44 A group of people with high density 
affecting each other 

0.27 a Women older than 65 years 

Stairs Singapore 2009 [17] 

0.28 a Adults older than 65 years  
0.29 a Men older than 65 years 
0.29 a Children younger than 13 years 
0.30 a Adult women 
0.31 a Adults 
0.32 a Adult men 
0.75 Men floor 1-25 

Stairs Korea 2014 [18] 0.55 Men floor 26-50 
0.53 Women floor 1-25 
0.42 Women floor 26-50 
0.50 b High density (< 2 pers./m2) 

Stairs Sweden 2013 [9] 0.60 b 
Low density (The people can move 
completely without being affected by each 
other)  

0.67-0.75 c Single person (Ideon) 

Stairs Sweden 2015 [1] 0.62-0.75 c A group of people (Ideon) 
0.73-0.87 c Single person (Kista) 
0.70-0.83 c A group of people (Kista) 
0.66-0.79 c Single person (Västra Skogen) Escalator Sweden 2015 [1] 0.52-0.80 c A group of people (Västra Skogen) 
0.80 Single person Escalator Japan 2009 [19] 0.70 A group of people 
0.79 Single person 

Escalator Japan 2012 [20] 
0.50 Single person carrying obstructing gear d 
0.54 A group of people 
0.47 A group of people where some carrying 

obstructing gear d e 
1.30 Men and women from 17 to 52 years Inclined 

tunnel China 2019 [14] 1.40 Men from 24 to 52 years 
1.20 Women from 17 to 48 years 
a Vertical walking speed. 
b Based on a low number of observations.  
c Median walking speed. 

d Obstructing gear means equipment that made it difficult for the person to move. This to imitate the movement of 
elderly people.   

e The whole group was affected by the persons carrying obstructing gear.  
 
Table 2 Walking speed ranges for slowest, fastest and median participants in [1] and [14]. “-“ 

marks missing information. 
 Walking speed [m/s] 
Participant TMS Tunnel [14] Ideon [1] Kista [1] Västra Skogen [1] 
Slowest 0.50 – 1.50 0.40 – 0.50 0.00 – 0.85 0.35 – 0.55 
Fastest 1.25 – 2.20 0.90 – 1.80 0.95 – 2.45 0.80 – 2.20 
Median - 0.70 – 0.80 0.70 – 0.85 0.75 – 0.85 
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THE EXPERIMENT 
In this chapter, the test site, the participants and the experiment procedures are described. The purpose 
of the experiment was to measure the walking speeds during the ascending movement in the tunnel, 
study the effects of physical exertion and determine what, if any, strategies were used by the participants 
during their movement. For a more detailed description of the experiment procedures, the interested 
reader is referred to the project report (in Swedish) [21]. 
 
The test site 
The experiment was carried out at the Äspö Hard Rock Laboratory, north of Oskarshamn, Sweden. The 
central part of the experiment was carried out in the main tunnel of the laboratory, which is a 3,500 m 
long tunnel circling around an elevator shaft in a hexagon pattern, see Figure 1. The tunnel has a 
constant inclination of 14 %. In the current experiment the participants were transported with the 
elevator down to level –340 (340 m below ground level), from where they walked up to level –220 (220 
m below ground level). The distance between the two levels is over 900 m, and the walking distance in 
the experiment was 907 m. From level –220 the participants were transported back to ground level again 
using the elevator.  
 

 
Figure 1 Part of the main tunnel of the Äspö Hard Rock Laboratory. 
 
The main tunnel is equipped with lighting fixtures approximately 20 m from each other. Therefore, the 
luminous intensity varies depending on whether it is measured directly under a fixture or between two 
fixtures. For the distance between the levels –340 and –220 the luminous intensity varied from 60 to 
110 lux measured directly under the fixtures and from 0.1 to 16 lux measured between the fixtures.  
 
Participants 
A total of 32 persons participated in the experiment. Of the 32 participants, 9 were men and 23 were 
women. The participants consisted mainly of secondary school students in the ages of 18 to 19 (69 %). 
In addition to the students, secondary school teachers and on-site staff participated (31 %).  
 
Experiment procedure 
The experiment was carried out on the 27th and the 28th of March 2018. The participants arrived to the 
Äspö Hard Rock Laboratory in smaller groups and were instructed to enter the facilities registration. 
The participants received numbered vests and were informed about the procedure of the experiment. 
The participants were given the opportunity to ask questions and could then decide if they still wanted 
to participate. All the participants chose to continue their participation and were given a questionnaire 
with questions about their age, gender, height, weight and disabilities, their training habits and current 
health status. While the participants filled in the questionnaire, their resting heart rate was measured 
with Polar H10 heart rate sensors, which they kept on throughout the whole experiment. The resting 
heart rate was logged for each participant after 15 minutes of seated inactivity. 
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The participants were thereafter escorted one by one to a separate room where they were asked to 
perform a reference test on a treadmill. In order to obtain an additional reference walking speed, the 
participants were also recorded as they walked through a 28.7 m long corridor on their way to the 
reference test room. The participants were not informed about the cameras in the corridor or the fact 
that they were recorded to avoid possible interference with their natural walking speed. 
 
During the treadmill reference test, each participant was initially asked to step onto the treadmill. The 
speed of the treadmill was first set to very low and then increased slowly in small increments until their 
preferred walking speed (PWS) was reached. The participants were told before the test that the PWS 
corresponds to a comfortable walking speed that they should be able to maintain for a long period of 
time. An example was given, which stated that the PWS is faster than strolling in town window-
shopping, but slower than a power walk. Once the participants indicated that they had reached their 
PWS, they were told to continue walking at this speed for 2 additional minutes. Thereafter the speed 
was first reduced to 80 % of the PWS for 1 minute and then increased to 120 % of the PWS for 1 minute, 
after which the treadmill was set back to the PWS and the participants continued walking at this speed 
for 1 additional minute. They were then asked if this speed still represented the PWS. If the answer was 
yes, the treadmill speed was documented and the reference test ended, and if they answered no, the 
speed was adjusted and the process was repeated. To avoid affecting the participants’ assessments of 
their PWS, the treadmill speeds were not disclosed prior to, during or after the reference test.  
 
After the reference tests, the participants were escorted to the elevator and were equipped with the 
obligatory safety equipment (escape hood, warning vest and helmet with chin strap) as well as a chest-
mounted action camera and an internal phone. The participants were transported in the elevator one at 
a time to level –340 of the main tunnel, without revealing what level they were being taken to.  
 
Once in the tunnel, the participants were informed that in this evacuation scenario, they should imagine 
a situation where they have just been instructed to evacuate due to fire – they are however not in 
immediate danger and the tunnel section they are in is not yet affected by fire or smoke. No information 
about the evacuation distance was given and the participants were instead encouraged to walk at the 
same pace as they would have in a real situation until stopped by someone from the experiment team. 
They were also asked to walk in the middle of the tunnel, the centre line of which was marked with 
white, longitudinal lines. 
 
Next, the Borg Scale was thoroughly explained, and the participants were informed about the interval 
markings (white, transverse lines with symbols) along the tunnel. They were asked to report through 
the internal phone an estimation of their physical exertion on the Borg Scale when passing each interval 
marking. The participants were informed that one person from the experiment team, whom they will be 
able to reach through the internal phone, will follow them at a distance to observe their movement, note 
the Borg Scale reports and provide assistance if needed. Lastly, the participants were given the 
opportunity to ask questions and the test started.  
 

 
Figure 2 One of the participants walking in the tunnel.   
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The finish line was marked the same way as the interval markings in the tunnel to avoid a situation 
where the participants increased their walking speed as they noticed the finish line. The participants 
were not stopped until after they passed the finish line with over 20 m. Once the test was completed and 
the participants were transported to ground level, their equipment was taken off and they were escorted 
to a separate room to answer a second questionnaire with questions about their experiences in the tunnel, 
e.g. if they experienced any challenges with walking in the tunnel and if they used any intentional tactics 
or techniques when walking upwards.  
 
RESULTS 
In this chapter the results – such as walking speeds, subjective estimation of physical exertion (Borg 
Scale), heart rate and strategies – are shown. In the figures in this section, the values are presented in 
relation to the walked distance in the tunnel, which is shown on the x-axis as a capital letter from A to 
L. The different interval distances that each letter represents are shown in Table 3.  
 
Table 3 Interval distances in the tunnel 

Interval Meters [m] Vertical meters [m] Interval Meters [m] Vertical meters [m] 
A 0 – 61 0 – 8.5 G 450 – 532 63.0 – 74.5 
B 61 – 122 8.5 – 17.1 H 532 – 602 74.5 – 84.3 
C 122 – 202 17.1 – 28.3 I 602 – 684 84.3 – 95.8 
D 202 – 287 28.3 – 40.2 J 684 – 748 95.8 – 104.7 
E 287 – 369 40.2 – 51.7 K 748 – 830 104.7 – 116.2 
F 369 – 450 51.7 – 63.0 L 830 – 907 116.2 – 127.0 

 
Reference tests 
The two methods used to generate a reference walking speed for each participant generated 
unrealistically low values compared to the walking speeds measured in the tunnel. The Figure 3 shows 
the walking speeds in the corridor and the treadmill reference tests. The corridor walking speeds are 
based on participants 664 to 682, as the values of participants 650 to 663 were lost due to technical 
problems. 
 

 
Figure 3 The boxplot shows the walking speed [m/s] and the preferred walking speed [m/s] 

measured in the corridor and the treadmill reference tests, respectively. The boxplot 
shows maximum and minimum values, 25th and 75th percentiles, median (line) and mean 
value (cross). Extreme values are marked as points.  

 
Walking speeds measured in the tunnel 
The participants’ walking speeds in the tunnel are presented in this section. Figure 4 shows the 
walking speed and the vertical walking speed based on all participants. 
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Figure 4 The walking speed [m/s] and the vertical walking speed [m/s] in the tunnel. The boxplot 

shows maximum and minimum values, 25th and 75th percentiles, median (line) and mean 
value (cross). Any extreme values are marked as points.  

 
The 25th percentile of the walking speed varies between 1.42 m/s at interval A and 1.28 m/s at intervals 
E and K. The median walking speed varies between 1.62 m/s at interval A and 1.47 m/s at interval E. 
The 75th percentile of the walking speed varies between 1.53 m/s at interval A and 1.37 m/s at interval 
K. For all three ranges, the speed reduction was approximately 10 %. Similar observations on speed 
reduction were made for the vertical walking speed ranges.  
 
Figure 5 shows the walking speed and the vertical walking speed for the fastest, the slowest and the 
median participant. Due to the even number of participants, the median participant was chosen to be 
represented by the mean value of the two participants closest to the median (participants 658 and 670). 
 

 
Figure 5 The walking speed [m/s] and the vertical walking speed [m/s] for the fastest, slowest and 

median participant.  
 
The fastest and the slowest participant had a similar walking speed curve, where the fastest participant 
started with a walking speed of 2.03 m/s and the slowest with 1.3 m/s. The walking speed decreased for 
both until interval F, where the walking speed of the fastest participant stabilized, while for the slowest 
participant it continued to decrease. The lowest walking speed of the fastest and slowest participant was 
measured in interval K at 1.71 m/s and in interval J at 0.98 m/s, respectively. The median participant 
kept a steady walking speed compared to the fastest and the slowest participant, but during the last 
interval the walking speed increased with 5.5 %. A corresponding increase can be seen for the fastest 
and the slowest participants as well.  
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Figure 6 and Figure 7 show the walking speed and the vertical walking speed, respectively, for male 
and female participants.  
 

 
Figure 6 The walking speed [m/s] in the tunnel for male and female participants. The boxplot shows 

maximum and minimum values, 25th and 75th percentiles, median (line) and mean value 
(cross). 

 
 

 
Figure 7 The vertical walking speed [m/s] in the tunnel for male and female participants. The 

boxplot shows maximum and minimum values, 25th and 75th percentiles, median (line) and 
mean value (cross). 

 
The participants’ walking speed and vertical walking speed related to age are presented in Figure 8 and 
Figure 9, respectively. The participants have been divided into two different age groups; 1) people in 
the age of 18 to 19 years and 2) people in the age of 41 to 61 years old. Group 1 consists of secondary 
school students and group 2 of all other participants in the experiment. 
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Figure 8 The walking speed [m/s] in the tunnel for group 1 (ages 18-19) and group 2 (ages 41-61). 

The boxplot shows maximum and minimum values, 25th and 75th percentiles, median (line) 
and mean value (cross). Extreme values are marked as points. 

 

 
Figure 9 The vertical walking speed [m/s] in the tunnel for group 1 (ages 18-19) and group 2 (ages 

41-61). The boxplot shows maximum and minimum values, 25th and 75th percentiles, 
median (line) and mean value (cross). Extreme values are marked as points. 

 
Subjective estimation of physical exertion (Borg Scale)  
The participants’ estimation of their physical exertion when walking in the tunnel is presented below in 
Figure 10 and Figure 11. The relation between physical exertion and the distance the participants had 
walked in the tunnel is shown in Figure 10, together with the mean and median walking speeds of all 
participants. Only Borg Scale values 15 (corresponds to a noticeable physical effort) or higher are 
presented in this figure.  
 

 
Figure 10 The chart shows the percentage of participants [%] that estimated their physical exertion 

to be 15 or higher on the Borg Scale (left Y-axis), together with the mean and median 
walking speeds [m/s] of all participants (right Y-axis).  
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Figure 11 shows the physical exertion in relation to the normalized walking speed. The normalized 
walking speed is walking speed expressed as a percentage of the maximum walking speed for each 
participant, where the maximum walking speed is the highest speed a participant reached in the tunnel.  
 

 
Figure 11 The figure shows the estimated physical exertion (Borg Scale) in relation to the normalized 

walking speed. 
 
Comparison of estimated physical exertion and the normalized walking speed shows that the majority 
of the Borg Scale estimations made are in the range of 15 to 18, and the number that occurs most times 
is 17.  
 
Heart rate 
The resting heart rate initially measured in the experiment is presented in Figure 12 for each participant. 
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Figure 12 The chart shows the resting heart rate [bpm] for each participant. The dashed line is the 

median value for all participants.  
 
The individual heart rates measured during the movement inside the tunnel are presented in Figure 13, 
together with median heart rates for all participants. Due to technical difficulties with the equipment, 
no heart rate data in the tunnel was collected for participant 654.  
 

 
Figure 13 The chart shows the median and the maximum heart rates [bpm] in the tunnel for each 

participant. The individual median heart rates [bpm] during movement in the intervals J-
L are also presented. The dashed lines show the median values for all participants. 

 
The median heart rate measured in the intervals J to L is higher than the median heart rate during the 
whole test and was, for most participants, close to their maximum heart rate. 
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Strategy 
In the second questionnaire the participants were asked if they used an intentional tactic or technique 
when walking upwards the tunnel and, if they did, to describe it. In total, 19 participants answered that 
they had an intentional tactic or technique and 13 participants responded that they “just walked”. Based 
on the tactics/techniques descriptions provided by the 19 participants, five different strategies were 
identified. These strategies are presented in Table 4, the right column of which shows how many 
participants used each strategy. Some participants used more than one strategy and have therefore been 
counted twice.  
 
Table 4 Strategies identified from the participants’ descriptions of the tactics/techniques used 

walking upwards the tunnel.  
No Strategy  Participants 
1 The participant adjusted the walking speed to a pace he/she thought he/she could 

remain for a longer distance.  
14 

2 The participant walked with a slower pace in the beginning.  2 
3 The participant focused on breathing.  4 
4 The participant observed the surroundings to avoid thinking about how tired he/she 

was.  
1 

5 The participant focused on the finish line.  1 
 
DISCUSSION AND CONCLUSIONS 
A comparison between the walking speeds measured in the reference tests and the tunnel test shows 
that the reference speeds were unrealistically low.  
 
Before the corridor reference test, the participants were told to walk through the corridor and wait for 
someone from the experiment team at the other end. No further instructions were given. Prior to the 
experiment, it was discussed if the participants should be informed about the corridor reference test or 
not, as there was a concern that they would walk faster than their natural walking speed if told that their 
movement was being studied. The video recordings from the corridor show that the participants 
hesitated and slowed down as they approached the end of the corridor. Since the walking speed was 
measured throughout the full length of the corridor, this hesitation had an impact on the result.  
 
For the treadmill reference test, it is not totally clear why the preferred walking speed was unexpectedly 
low, but one reason could be that not all participants were familiar with walking on a treadmill, which 
requires greater balance, and which in turn led to a slower walking speed. Several studies [22 - 24] were 
found that partly support this conclusion. In those studies, however, the on-ground walking speed was 
only 9-20 % higher than on a treadmill, while in the study presented in this paper this difference was 
more than 50 %. 
 
The measured walking speeds in the tunnel are higher than in all three experiments performed by Ronchi 
et al. [1], but the vertical walking speeds are lower. The reason behind this was explained by Ronchi et 
al. [1], who noticed the same tendencies in their own study. In their study, the highest walking speeds 
and the lowest vertical walking speeds were measured in Kista, while the lowest walking speeds and 
the highest vertical speeds were measured in Västra Skogen. The stairwell in Kista has more landings 
than the stairwell in Ideon, while the escalator in Västra Skogen has no landings at all. This means that 
movement in the Kista stairwell is more horizontal than in Ideon or Västra Skogen, which enables a 
higher walking speed but leads to a lower vertical walking speed. Movement in Västra Skogen, on the 
other hand, is more vertical and enables a higher vertical walking speed [1]. The Äspö tunnel used in 
the experiment presented in this paper is inclined and has no landings, but the inclination is lower than 
in a stairwell or an escalator. This could be the explanation to the higher walking speeds and the lower 
vertical walking in this study. 
 
A comparison between the walking speeds measured in this study and the study of Zhang et al. [14], 
shows that the walking speeds measured in the TMS Tunnel have a wider spread – lower slowest speed 
and higher fastest speed – than the values from Äspö. This was true for both the slowest and the fastest 
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participant. One explanation for this can be that the participants in the Äspö experiment were told not 
to run and to walk at the same pace as they would have in a real situation, while several participants in 
the TMS Tunnel were running during the experiment. This led to a higher walking speed in the 
beginning of the TMS experiment, which in turn led to a greater speed reduction probably due to higher 
fatigue. Another explanation is the lower inclination of the TMS Tunnel, which, as discussed in the 
paragraph above, should lead to higher walking speeds. 
 
In general, men maintained a higher walking speed than the women, which is shown in Figure 6 and 
Figure 7. In a similar comparison between participants in group 1 (18 to 19 year) and group 2 (41 to 61 
years), the difference is not as clear. It can however still be seen that group 2 maintained a higher 
walking speed than group 1, see Figure 8 and Figure 9. 
 
According to the answers from the second questionnaire, 59 % of the participants (19 out of 32) had an 
intentional strategy when walking upwards in the tunnel. Of these, 74 % (14 out of 19) adjusted the 
walking speed to a pace they though could be remained for a longer distance, 21 % (4 out of 19) focused 
on breathing, 11 % (2 out of 19) walked with a slower pace in the beginning, 5 % (1 out of 19) observed 
the surroundings to avoid thinking about how tired he/she was and 5 % (1 out of 19) focused on the 
finish line. In Figure 10 it is shown that the participants’ estimation of their physical exertion in the 
tunnel increased as they walked upwards. Generally, they could however maintain a relatively steady 
walking speed, as shown in Figure 4. These results confirm the first strategy described above.  
 
The number of participants estimating their physical exertion to be 15 or higher on the Borg Scale rises 
steadily until distance F, after which it stabilizes at approximately 75-80 %. This correlates well with 
the decrease of the participants’ walking speeds during the movement in the tunnel, as presented in 
Figure 10.  
 
When the estimated physical exertion is compared to the normalized walking speed, it can be seen that 
the majority of the Borg Scale estimations made when walking in the tunnel are in the range of 15 to 
18, see Figure 11. The number that occur most times is 17. Figure 11 also shows a trend for the walking 
speed to decrease with increased physical exertion. At most, a participant’s walking speed is reduced 
to 74 % of his or hers maximum walking speed. During the experiment, the maximum level of physical 
exertion (20 on the Borg Scale) was reached, but could not be linked to the largest reduction of the 
walking speed. The participant reaching the maximum physical exertion earliest reached it at distance 
G (63.0 to 74.5 vertical meters. The relations between the physical exertion and the normalized walking 
speed for distances F to K (51.7 to 116.2 vertical meters) have the same structure. This indicates that 
the physical exertion and the walking speed were constant during this part of the movement through the 
tunnel. The structure for the last distance L (116.2 to 127.0 vertical meters) differs from previous 
distances as the walking speed increased here. One possible explanation for this is that the participants 
realized that they were approaching the finish line and therefore were motivated to walk faster.  
 
Since the Borg Scale is an individual estimation tool, it is likely that each participant rated the physical 
exertion differently. For example, most participants were asked to estimate their physical exertion while 
waiting for their turn to start the tunnel test, and the estimations varied from 6 to 10. Another example 
is that all participants completed the test in the tunnel, including the participants that estimated their 
physical exertion to 20. 
 
The heart rate measurements in the tunnel show that the participants had a higher heart rate during the 
last quarter of the tunnel (distances J to L, 95.8 to 127.0 vertical meters) than during the whole tunnel 
test. The heart rates at these distances were also, for most participants, close to the maximum heart rate 
measured in the tunnel. This does not correlate with the measurements of walking speeds or exertion 
estimations at these distances, but nevertheless implies that most participants were close to the limit of 
their capacity when they crossed the finish line. To verify this statement, more experiments with similar 
evacuation scenarios and larger walking distances are needed. 
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One of the intensions in the study presented in this article was to compare the reference walking speeds 
with the walking speeds from the tunnel for each participant to determine if and how the physical 
exertion during evacuation in the inclined tunnel affects the walking speed. As the reference tests 
generated unrealistically low values, this comparison has not been made. This, combined with the fact 
that the participants consisted mainly of a young population that cannot always be expected in this kind 
of environment, makes it difficult to suggest a design value for walking speed in these environments. 
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ABSTRACT 
 
Elevator evacuation is becoming a more common evacuation strategy, since elevators are associated 
with several safety benefits and can be a cost-efficient strategy. A literature review revealed that the 
efficiency of elevator evacuation has been studied thoroughly in calculation studies, but that studies 
relating to human behaviour aspects are not as common. Performed studies on human behaviour and 
elevator evacuation are primarily questionnaire studies with hypothetical scenarios, or laboratory 
studies collecting limited data. There is a knowledge gap relating to exit choice and accepted waiting 
time at evacuation elevators, and more research is urgently needed. A method for systematic analysis 
of required measures for buildings with evacuation elevators is presented, and the method is applied 
to a case study – a subway station with elevator evacuation. The case study identified several 
important measures, which accommodate the needs of the evacuees, e.g. (1) voice alarm containing 
information that elevators can be used for evacuation, and (2) a system in the elevator lobby 
indicating that the elevators are operational and moving. 
 
KEYWORD: elevator evacuation, evacuation design, subway, underground metro station, literature 
review, human behavior. 
 
INTRODUCTION 
The use of elevators for evacuation have been discussed within the fire safety industry for decades [1]. 
In fact, studies have pointed out possible benefits of incorporating elevators in the evacuation strategy 
for over 40 years [2].  However, the actual use of elevators for evacuation is not yet a common 
solution in the built environment.   
 
One reason for evacuation elevators not being implemented might be that there is a general guidance 
not to use elevators in a fire emergency. The origin of this guidance could possibly be due to elevator 
related problems caused by other events than fire, like elevator sabotage or problems exiting during an 
earthquake [2], but might also be because of fire incidents where elevators was called to the fire floor 
by malfunctioning call buttons [1].  In these cases, when on the fire floor, the elevator door could 
open and then be prevented to close due to the smoke. Even though such incidents might be rare, 
similar events have occurred quite recently, confirming that the instructions not to use regular 
elevators are reasonable for most buildings [3]. 
 
In recent years, elevator evacuation has again become a topic of interest as the problem of evacuating 
high-rise buildings with only stairs have been highlighted by events like the 2001 World Trade Center 
terrorist attack [4]. In such high-rise buildings, elevators can increase evacuation efficiency [5] and 
provide people with difficulties using a staircase with a possible evacuation method [6].  Also, the 
technical aspects of protecting an elevator from fire during an evacuation is an issue which can be 
managed with existing protective measures [7]. This is also confirmed by the fact that several building 
codes have incorporated elevators as a possible means of evacuation in recent years [8], [9]. 
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The benefits of elevator evacuation could also be utilized in underground facilities, like subway 
stations, where evacuee fatigue is more prominent as stairs need to be ascended - a phenomenon that 
has been studied recently [10]. It is probable that the walking speed will be severely affected and that 
this will lead to long evacuation times if the facility is situated far below ground. This is something 
that needs to be taken into account as cities around the world develop more metro traffic below 
ground.   
 
The development of more underground metro systems is evident all over the world and since the year 
2000, the number of cities with metro systems in the world have increased by 70 % [11]. Also, the 
projections for the coming years are that the development of metro systems will keep increasing at an 
even higher pace. An example of this development is happening in Stockholm, where the metro 
system is to be expanded in the coming years [12]. Because of sea depth and other interfering tunnels, 
some of the new stations will be built at considerable depth, with the deepest station at more than 100 
meters below ground [13]. At these depths, the primary means of transport to the station from ground 
level will be by elevators and these will also be an important part of the evacuation strategy. In this 
case, the use of elevators will thus be imperative for the evacuation design to work. However, if made 
safe, the use of elevators for evacuation of underground metro stations in general is something that 
could be a more common solution in the future. One reason for this is the increased demand on 
accessibility in modern cities [14]. With this accessibility in mind, future means of egress need to be 
updated to accommodate the needs of the population that is expected in these underground metro 
stations. One solution to this problem could be elevator evacuation.  
 
In cases where elevators will be an integral part of the evacuation design for all of the evacuees, like 
the mentioned station in Stockholm, it will be imperative not only to design them in a safe manor 
technically, but also to provide evacuation systems that help evacuees to understand that elevators can 
be used for evacuation. However, the topic of human behaviour connected to elevator evacuation has 
not been as thoroughly studied as the increased efficiency when using evacuation elevators in 
buildings, and the topic of elevator evacuation from underground facilities is an even more scarcely 
studied field. Because of this, a study was initiated by the Extended Metro Administration for the 
Stockholm metro system to give a review of the available research on human interaction with 
elevators in an evacuation scenario. Based on these studies, as well as other previous studies on the 
design of evacuation systems, a method was introduced to aid the design of the evacuation systems for 
elevator evacuation. This method was then applied to a generic metro station layout to illustrate how it 
can be practically used. 
 
The purpose of this paper is to give an overview of research studies where human behaviour and 
elevator evacuation have been discussed. Furthermore, the purpose is to also give a brief overview of 
other works related to elevator evacuation and also to give an account for fire incidents where the 
evacuees have interacted with elevators during evacuation. Also, the purpose is to describe the 
developed method for designing evacuation systems when using elevators for evacuation and to test 
this method on a practical case to see if the use of it is deemed beneficial for the design process. 
 
METHOD 
First, a literature review was performed in order to get an overview of the research area. Within this 
work, keywords were defined and used to search relevant scientific databases, i.e. ScienceDirect 
(www.sciencedirect.com), Evacmod (www.evacmod.net), Google Scholar (scholar.google.com) and 
LUBsearch at Lund University library (www.lub.lu.se). The keywords included: elevator, lift, 
evacuation, metro, subway, underground facility, high-rise building, egress, stair, evacuation system 
design. Searches with the combinations of the keywords were also performed. Literature was also 
retrieved based on the authors previous experiences, in their personal libraries and from colleagues.  
 
The literature was then analysed and divided in to four categories of interest; (1) reports of fire 
incidents where the use of elevators for evacuation have been documented, (2) studies on the 
effectiveness of evacuation elevators, (3) elevator evacuation as a means of egress for people with 
mobility impairments and (4) studies on the human behaviour aspects of elevator evacuation. The 
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important findings within these categories are presented below. Because of the aim of the paper, 
special focus has been placed on the third category of interest above. Hence, this section is more 
elaborate than the other sections.  
 
After the review, a method to aid the design of evacuation systems was developed based on previous 
research [15]. The method was then tested on a case inspired by the Stockholm metro expansion to 
check the applicability. When applying the method, important knowledge gaps were identified and 
pinpointed as areas of future research.  
 
FIRES WHERE THE USE OF ELEVATORS FOR ESCAPE HAVE BEEN DOCUMENTED 
Elevator evacuation is usually not applied in existing building evacuation strategies. Despite of this, 
there are several cases where fires occurred in buildings where the elevators have been used for 
evacuation. Examples of such incidents that have been studied for this paper are the Joelma building 
fire in Sao Paulo, Brazil, 1974 [4], the MGM Grand fire in Las Vegas, USA, 1980 [16], the 2 Forest 
Laneway fire in Ontario, Canada, 1995 [17], the Hiroshima City fire in Hiroshima, Japan, 1996 [18] 
and the 9/11 World Trade Center terrorist attack in New York, USA, 2001 [4].  
 
These cases include different occupancies, i.e., offices, residential buildings and a hotel. Even though 
the cases have had different occupancies, and different evacuation strategies, they share a similarity in 
the fact that the elevators have been used during the evacuation of the buildings even though they 
have not been a part of the evacuation strategies of the buildings. To use the elevator during the fire 
has, in some of the cases above, proven to be beneficial for the evacuee [4], [19], and in some of the 
cases the same use had the opposite effect [16], [19]. The elevators were not designed as evacuation 
elevators in any of these cases, and hence they were not equipped with the proper protection needed to 
ensure safe evacuation.  
 
An experience from these incidents is that elevators will most likely be used for evacuation in certain 
buildings and under certain conditions, whether designed for it or not. This result is reinforced by the 
fact that it was noted in at least one of these cases that the persons using the elevators did so even 
though they knew that the elevators should not be used in the event of fire [17]. In other cases, there 
were clear instructions not to use the elevator during a fire [4].  
 
There are other conclusions to be learned from the mentioned cases. e.g., according to an investigation 
from the Joelma building fire two elevator functions were important for the successful elevator use in 
that evacuation [4]. These functions were: (1) that the elevators could be run in “express mode” and 
only stop at chosen floors and (2) that the elevator power supply was not affected by the fire during 
the evacuation stage.  
 
Also, in the Hiroshima City fire, it was concluded that occupants who lived at higher floors in the 
building were more inclined to use elevators for escape [18]. In this case, it was also investigated how 
the occupants normally travelled in the building, and one conclusion was that most occupants used the 
same way to evacuate as they normally used in the building. Also, the occupants were more likely to 
use an escape route that they perceived as safe rather than to use the closest one. 
 
STUDIES ON EVACUATION ELEVATOR EFFICENCY 
One aspect that have been extensively studied is the efficiency of elevators as an escape route from 
high-rise buildings. Some of the earliest studies on the subject were performed at the National 
Institute for Standards and Technology (NIST) in the United States, where a calculation software 
called ELVAC was developed in the early 1990’s [20]. This software has since been used and 
described in several studies [21], [22] and other tools were developed with a similar purpose, e.g., the 
Building Traffic Simulator (BTS) developed by Kone in Finland [23]. However, Since the 
development of these tools, elevator models have been incorporated in many of the now more 
frequently used evacuation models. As a reaction to this, studies on elevator efficiency have more 
recently used evacuation models like BuildingEXODUS [24], Pathfinder [5] and STEPS [5]. 
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As mentioned, this subject has been extensively investigated and because of this only a selection of 
relevant studies is presented in this review.  These studies have been selected because they represent 
different aspects or methods on elevator efficiency. Hence, the studies presented are deemed to cover 
the essence of many of the similar studies on the subject.  
 
A general conclusion from the studies included in this review is that evacuation elevators can increase 
the efficiency of an evacuation in high-rise buildings. It can also be concluded that the most efficient 
evacuation strategy varies with several factors for different buildings, e.g. the number of floors, the 
number of persons, the building design, etc [5], [22]–[25]. This is in line with the conclusions of a 
previous review made on evacuation strategies in high-rise buildings [26]. 
 
In most of the studies, an “ideal” approach have been used to derive the most efficient evacuation 
strategy for total building evacuation [20], [22]–[25]. This means that human factors considerations, 
like probable exit choice and accepted waiting time, have not been included in the calculations. This 
is partly included in one of the studies, where a correlation for exit choice is used [5]. However, 
several of the studies conclude that more research on the human behavioural aspects are needed in 
order to produce realistic results in these kinds of calculations [5], [24], [25]. 
 
One point that should be stated generally is that the studies found on this subject primarily discuss 
efficiency of elevator evacuation related to total building evacuation. At least one study investigates 
the effects of phased evacuation but with several floors evacuating [25]. No published study found 
have investigated the solution in reference to evacuating a certain floor or fire compartment. Also, all 
studies relate to evacuation of high-rise buildings, no studies on the efficiency related to the 
evacuation of underground facilities using elevators have been found.  
 
ELEVATOR EVACUATION AS A MEANS OF EGRESS FOR PEOPLE WITH MOBILITY 
IMPAIRMENTS 
One major benefit of elevator evacuation is that it provides a possibility for people with mobility 
impairments and problems using stairs to self-evacuate a building that otherwise demands stair 
passages. The topic regarding the evacuation needs for this part of the population have been discussed 
previously [27], [28] but was further highlighted after the 2001 terrorist attack of the World Trade 
Center in New York. During this evacuation, it was recorded that people with mobility impairments 
experienced different difficulties and that the help of others was imperative for a successful 
evacuation [6]. Also, problems with overtaking and thus delaying evacuation times for others was 
recorded.  
 
Currently, many building codes treats the evacuation of people with mobility impairments primarily 
through the use of refuge areas, e.g., the International Building Code (IBC) [29] and the Swedish 
building code [30]. However, this is a solution which is not without problems within itself. Studies on 
the end users’ perspective show that there are several problems connected to refuge areas, including 
knowledge about them, willingness to use them and accepted waiting times within such an area [31], 
[32]. The use of elevators for evacuation could mitigate these problems, and provide effective 
evacuation possibilities for people with movement impairments [33], [34].  
 
STUDIES ON THE HUMAN BEHAVIOUR ASPECTS OF ELEVATOR EVACUATION 
One of the crucial parts when discussing the incorporation of elevators in a building’s evacuation 
strategy is the human behaviour aspect. This subject have been discussed for decades and some of the 
main problems were listed as early as 1976 in the Life Safety Code [35]. These problems can be 
divided in to three main areas: 
 

1. Acceptance of the elevator as an escape route 

2. The importance of elevator waiting time 

3. The importance of elevator crowding 
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The studies found on these areas respectively are summarised below. 
 
Acceptance of the elevator as an escape route 
As mentioned above, a crucial question is whether or not the elevator is accepted as an escape route 
by the evacuees. The reason for this problem is that the general instructions in most buildings is to not 
use the elevator in case of fire. This problem have been discussed in several studies [36]–[38].  
 
Predicting the use of evacuation elevators is, to say the least, complex. As most people will probably 
have entered the building using elevators, one of the central evacuation theories, i.e. the affiliation 
theory [39], would predict that many will move towards the elevators in an evacuation scenario, 
which would be beneficial for the use of evacuation elevators. However, this behaviour is 
contradicted by the instructions given in most buildings, that state that the elevators should be avoided 
if there is a fire. This complexity is confirmed by the real fire evacuations mentioned previously in 
this paper, where some chose to use the elevators for evacuation, despite the fact that they were not 
included in any of the building’s evacuation strategy, while other chose to use the stairs.  
 
A theoretical correlation between evacuation elevator usage and building floor have been proposed, 
see figure 1 [40]. In this correlation, a certain percentage is assumed to always use the elevator, e.g. 
persons who have difficulties evacuating down just a few stairs, and a certain percentage is assumed 
to never use the elevators because of issues like phobia, previous negative experiences with elevators, 
etc.  

 
Figure 1. Theoretical elevator usage in a building with evacuation elevators [40]. The blue arrow 

symbolises the percentage who will always take the elevator and the red arrow 
symbolises the percentage who will never use the elevator. 

 
There are a number of studies [40]–[42] that have attempted to quantify this theoretical elevator usage 
correlation using questionnaire studies with hypothetical scenario setups. The results of these studies 
are shown in figure 2. These studies have the disadvantage of being hypothetical scenario setups, but 
they give an indication on a similar profile as the theoretical usage shown in figure 1.  
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Figure 2. Summary of studies on evacuation elevator usage in relation to the floor in a building. Note 

that the correlation from Andersson & Jönsson [41] ends at the 24th floor while the 
studies by Heyes [40] and Kinsey [42] are valid to 60 and 55 floors respectively. 

 
As mentioned above, all studies were based on scenarios given in a questionnaire. In two of the 
studies, the questionnaire also gave the theoretical building floor that the respondent was to base the 
answer on [40], [42]. In one of the studies, the respondent answered based on the actual building 
floor, i.e., the participants were on a floor of a high-rise building while filling out the questionnaire 
[41].  
 
A similar hypothetical scenario experiment was conducted at Lund University in 2014, but the focus 
was the use of evacuation elevators from a subway station [43]. This study was performed as a 
questionnaire study in a similar way as the studies described above. The results from this study 
indicated that approximately one in ten people would be willing to use elevators for evacuation from a 
subway station. This is the only known study on elevator usage from a subway station or other 
underground facility.  
 
More in depth studies on exit choice with evacuation elevators have been performed, but these studies 
have focused on the evacuation from a single floor. This means that they have not aimed to quantify 
the difference between floors, which was the case for the previously mentioned studies. The identified 
studies from the literature review that use this approach are summarised below. 
 
In one study, the elevator use was studied in Virtual Reality (VR) using a model of a real high-rise 
hotel building with evacuation elevators [44]. In the study, the participants enter the building through 
the main entrance and then travelled to a hotel room at the 16th floor of the building (in the VR 
environment). When the participant had been in the hotel room for a short while, an evacuation 
messaged started. The message instructed participants to evacuate the building and informed them 
that the elevators could be used for evacuation. In this study, approximately 60 % chose the elevator 
as their primary evacuation route. Also, the study involved an additional scenario with flashing green 
lights adjacent to the exit signage pointing towards the elevators. In this additional scenario, 
approximately 90 % chose the elevator as their primary escape route.  
 
Another study had a similar setup as the one made in VR but was performed in a real hotel building 
but with a hypothetical evacuation scenario [45]. In this study, the participants were asked to take the 
elevator to the 9th floor in a building and then asked to evacuate as if it was a real emergency. Both the 
elevator and the staircase were indicated as escape routes through emergency exit signage. In the 
study, two scenarios were tested; one with a regular alarm bell and one with a spoken evacuation 
message, informing participants that the elevators could be used for evacuation. The results of this 
study showed no difference in elevator usage in the different scenarios and the overall willingness to 
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use the elevators as a primary escape route was approximately 60-65 %.  
 
These studies  were conducted in a real environment [45] and a VR environment [44], which can be 
argued to be settings that are more close to the experience expected in a real scenario than the 
questionnaire studies summarised above. The results from these studies indicate that the elevator 
usage estimated by questionnaire studies might underestimate what can be expected when using 
evacuation elevators in a real building. It should be stated that even though VR is deemed to be closer 
to reality than just reading about a scenario in a questionnaire, there are several issues with the use of 
VR in these sort of experiments, e.g., no fatigue from walking in stairs, etc.  
 
In some of the studies mentioned above, the primary factors that affects the exit choice was also 
investigated. A factor identified in the studies was related to risk perception and the fact that the 
elevator was considered less safe to use in an emergency than the stairs [41], [43], [45]. Also, the 
elevator was perceived as being safer if the person was located higher up in a building [41]. However, 
a similar trend was not discovered when the depth of a subway station was increased [43]. 
The primary risks associated with elevator evacuation was another similarity in the performed studies 
on building evacuation with elevators. The most common risks were: the risk of queuing, and the risk 
of getting stuck in the elevator [40], [41], [45]. These perceived risks were deemed to be connected to 
a lower perceived degree of control in the evacuation situation.  
 
How long waiting time will be accepted when evacuating with an elevator?  
Since elevator evacuation is likely to include some waiting time for the evacuees and the fact that 
queueing has been identified as one of the primary perceived risks with elevator evacuation, the 
accepted waiting times for an elevator to arrive has also been examined in some of the studies 
mentioned above. In the different questionnaire studies, the participants were not willing to wait very 
long for an elevator. However, there is a difference in result between the studies. The results from 
these studies varies from 80 % of the participants being unwilling to wait 10 minutes or more [40] to 
96 % of the participants being unwilling to wait more than five minutes [41]. In a subway 
environment, the accepted waiting times were also low; 90 % of the participants answered that they 
were not willing to wait more than two minutes for an elevator to arrive in an evacuation scenario 
[43]. 
 
When waiting times were studied in VR, the acceptance for longer waiting times was higher than the 
estimates made in the questionnaire studies [44]. In the VR-study, the elevator did not arrive when the 
participants tried to use it. Instead a maximum waiting time was set to 20 minutes, after which the 
experiment was terminated. An interesting aspect was shown in this study as most of the participants 
choose either to change evacuation route to stair evacuation within 5 minutes (approximately 55 %) or 
choose to stay until the experiment was terminated (approximately 31 %). The discrepancy between 
these studies is substantial and further studies is therefore needed on this subject.  
 
Overloading and impact of crowding 
As well as exit choice and waiting time, the problem with potential overloading of an elevator during 
an evacuation has been highlighted as a factor that should be considered [22]. There are guidelines on 
how congested an elevator can be expected to become before travellers choose to wait for the next 
elevator [46]. In [35] it is stated that in normal conditions, when the density within the elevator 
exceeds approximately 4.5 persons/m2 (or the free space is 0.22 m2/person) the potential elevator user 
will wait for the next elevator rather than entering it. However, in experiments performed recently, 
elevators have been observed to be filled to significantly higher densities than 4.5 persons/m2, and 
even to be overloaded in an evacuation scenario [47]. This problem was early identified as a factor 
that could affect the total evacuation time because evacuees might be inclined to load an elevator over 
the limit for overload or to such densities that the doors are obstructed [20]. This could lead to further 
waiting times since some of the evacuees need to exit the elevator in order for it to be able to leave. 
One part of this problem could be solved in a technical way, i.e., through designing the elevator to 
accommodate higher weights than could be achieved through human loading. However, the problem 
with evacuees blocking the doors still needs consideration. It should also be stated that this factor 
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could be affected by cultural aspects and that results from experiments like the one mentioned here 
might have other outcomes if performed in other countries. 
 
Another aspect that is of relevance is the impact of crowding on both exit choice and waiting time. As 
mentioned above, one primary risk factor that is mentioned in many of the questionnaire studies is the 
risk of getting stuck in a queue and hence, this is a factor that is important to study. The only study 
found on this was performed in the form of a questionnaire study, where the participants who had 
initially stated that they would be willing to use the elevator were shown pictures of different crowd 
densities in an elevator lobby and asked if they would still use the elevator [48]. This study showed 
that “the critical density”, where participants are no longer willing to use the elevator because of the 
crowd in the lobby, increases with increasing floor number. For floor 2-10 this density is on average 
0,5-1,0 person/m2 in the lobby, for floor 21-30 it increases to 1,0-1,5 person/m2 and for floor 51-60 it 
increases again to 1,5-2,0 person/m2 [48]. 
 
A METHOD FOR DESIGNING EVACUATION SYSTEMS WHEN USING ELEVATORS FOR 
EVACUATION 
Because of the results of the studies reviewed above, it is highly relevant to study if and how the exit 
choice can be affected when using elevators for evacuation. A framework called Situation awareness 
requirement analysis (“SARA”) has previously been presented as a tool for systematically analysing 
what information is needed when incorporating evacuation elevators during an evacuation for the 
evacuees to make the decisions desired by the designer [49]. This framework is basically a way of 
describing the evacuees experience and what information she/he needs to perceive in different phases 
of the evacuation to make the desired decisions [50]. The framework is a goal orientated cognitive 
decision model designed to create user-friendly decision support in different situation.  
 
In order to properly analyse the evacuation situation when using elevator evacuation, the SARA 
framework has been further developed into a practically applicable method. The purpose of the 
method is to provide a foundation for the design of the guidance and information for this sort of 
evacuation situation. The method is presented below, and the use is illustrated with a case study. A 
similar method has previously been used to propose evacuation systems for road tunnels with 
bidirectional traffic flow [15]. 
 
The method contains of the following steps: 
 

1. Define scenario – A qualitative description of the fire scenario/scenarios is made. Because of 
the uncertainties connected to fire scenarios, the description should be held at a general level. 
Observe that several scenarios might need to be evaluated. 

2. Define the different roles of persons in the evacuation – The different roles are defined by 
their initial position when the evacuation is initiated but are also dependent on other factors like 
knowledge of the environment, physical abilities and incentives to leave the premises. 

3. Define desired behaviour for the different roles – This is typically the behaviour that is 
deemed to generate the most efficient evacuation. For example, a desired behaviour could be 
to use the evacuation elevator instead of a staircase, if this is deemed beneficial for the 
evacuation. 

4. Define needs of the evacuees to achieve the desired evacuation behaviour – This could be 
informational needs, need of guidance or similar. The need of information and guidance could 
be assumed to be greater if the evacuation contains unfamiliar routes or systems for evacuation. 
E.g., when designing for elevator evacuation, the needs for information and guidance 
encouraging the use of such an escape route is probably larger than in a case where stairs are 
used for evacuation. Also, the needs for evacuation of people experiencing difficulties walking 
in stairs are different from people without such difficulties, which needs to be addressed here. 

5. Define suitable measures to accommodate the needs – This could for example be technical 
guidance system, instructions from personnel or other aids. 

When evaluating the design of the different measures in the last step, it is deemed suitable to use a 
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theory of affordances framework, which has previously been proposed for use in evacuation situations 
[51]. This theory was introduced to explain how objects are perceived [52]. The theory have been 
further developed and sensory, cognitive, physical and functional affordances has been introduced 
[53]. The benefit of this theory is that it gives a possibility to systematically evaluate different 
measures to explore if they are perceived in the intended way. This theory has previously been used to 
evaluate evacuation measures in a high-rise building and signage for evacuation elevators [54]. 
Even if designing systems using the frameworks, there is no guarantee that the different components 
within the design will be conveyed in the way intended by the designer. To avoid design mistakes, it 
is imperative to test the designs holistically and in a realistic environment, with representative 
participants. The method above, with aid of the theory of affordances, can be seen as the first step in 
the process towards the design of a new evacuation system, see figure 3. This process is adapted from 
previous works on evacuation in tunnels [51] and in high-rise buildings [54] . 

 
Figure 3. A proposed process to develop a successful new evacuation system, adapted from [51], 

[54]. 
 
CASE STUDY – USING EVACUATION ELEVATORS IN A SUBWAY STATION 
The case study, using the SARA framework, is performed on a fictious case inspired by station 
layouts proposed in the Stockholm metro extension project. The case consists of a subway station at a 
substantial depth, making stairs or escalators inefficient for everyday use. Because of the depth of the 
station, elevators are used as the primary means of entrance and exit to the station. The station has two 
identical entrances/exits which are located on each side of the platform. If leaving the platform, the 
traveller can choose to exit to either side, entering a compartment on the platform level (which is 
pressurised if a fire is detected at the platform level) and then use an escalator, stair or elevator to get 
to the elevator lobby located a few meters above the platform level. From the elevator lobby there are 
five elevators that can be used to exit the station via an entrance hall at ground level. See figure 4 for 
the station layout. Even though applied on a subway station in this case, the method is deemed 
applicable to other cases where elevator evacuation is proposed, e.g., high-rise buildings or similar. 
 
When leaving the station or evacuating, the commuters also have the choice to use a regular staircase 
located in a separate escape route reachable from the elevator lobby in each side of the station. Due to 
the depth of the station, the evacuation procedure of the station is intended to be similar to regular use, 
i.e., the majority of evacuees should use the elevators from the elevator lobby.  
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Figure 4. Basic layout of the subway station for the case study (floor plan). 
 
To limit the magnitude of the case study, it focuses primarily on the informational needs of the 
travelers. Also the case study focus on decisions of individuals and does not include extensive 
discussion on social influence. The reason for this is that if the individuals in the evaucation interpret 
the systems as intended, it is likely that the social influence leads to more people following the 
decisions made by these individuals [55]. Also, because of the nature of the method, focus is on 
evacuation behaviour. Technical systems designed for suppressing the fire or controlling the smoke 
from a fire are not included in this case study.  
 
Step 1 - Define scenario 
The studied scenario in this case study is chosen to be representative for the worst credible scenario 
for the evacuation. It consists of a fire starting in the middle of a train that is standing on the platform 
and at the same time, or shortly following the fire start, a second train arrives to the platform. If fully 
loaded, each of these trains contains 1800 persons, so crowding can be expected. As the fire starts in 
the middle of a train and the station layout is symmetric, the analysis will be performed on one half of 
the station and no more scenarios are deemed to be needed for this case. This is illustrated in figure 5. 
It should be noted that the case study does not include a comparison between the available safe 
evacuation time (ASET) and required safe evacuation time (RSET) as this has to be calculated using 
fire and evacuation models.  
 
Step 2 - Define the different roles of persons in the evacuation 
The different roles identified for the scenario are also illustrated in figure 5. The roles identified are 
based on the location of persons in or close by the station when the fire starts. These roles are: 
 

1. A person evacuating the train on fire from within the train car where the fire started. 
2. A person evacuating the train on fire from another train car. 
3. A person evacuating the second train. 
4. A person on the platform who is about to leave the station. 
5. A person on the platform who is waiting for a train. 
6. A person in the platform compartment heading out of the station. 
7. A person in the platform compartment heading towards the trains. 
8. A person in the elevator lobby heading out of the station. 
9. A person in the elevator lobby heading towards the trains. 
10. A person in an elevator heading out of the station. 
11. A person in an elevator heading towards the trains. 
12. A person in the entrance hall inside the ticket zone. 
13. A person in the entrance hall outside the ticket zone. 
14. A person about to enter the entrance hall. 
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Figure 5. The fire location (marked with a star) and the locations of the different roles within the 

subway station. Here, only half of the station is illustrated as the roles are identical on 
the other side of the station because of the station symmetry.  

 
The informational needs of the different roles are analysed below. Here, the information needs of the 
people belonging to the different roles are followed through the evacuation. However, as the position 
of a person is also connected to the aim of the person before the evacuation starts, the needs of the 
different roles might still differ to some extent. Because of this, all roles need to be analysed 
separately, even if there are great similarities between the needs.  
 
Step 3 - Define desired behaviour for the different roles 
The primary desired behaviour of the persons on the platform is to evacuate quickly using the 
evacuation elevators, i.e., all roles on this level has the same desired behaviour (role 1-9). For the 
persons within the elevators travelling down (role 11), the desired behaviour is not to exit the elevator 
at the platform level but to stay within the elevator and follow it to the ground and then evacuate. For 
the persons in the entrance hall or outside the building (role 12-14), the desired behaviour is to exit the 
building and not head for the trains. This behaviour is also the desired behaviour for the persons in the 
elevator travelling up to the ground level (role 10). 
 
Step 4 - Define needs of the evacuees to achieve the desired evacuation behaviour 
The primary need of an evacuating person is the physical possibility to evacuate safely to the outside, 
information about what has happened and how an evacuation is to be achieved. If an evacuation route 
is blocked for some reason, the person also needs to be informed of alternative ways to safety. As for 
this subway station, it could be the first time a person is in the station and hence there is a need for 
clear directions to safety. As stated in the case description, the possibilities to evacuate are 
accommodated for and the crucial part of this analysis is therefore how to communicate the intended 
use of these possibilities, i.e., how to properly inform persons evacuating that the use of elevators is 
safe.  
 
The informational needs differ at different stages of the evacuation and for different roles. To 
illustrate the method, the informational needs for a person who is within the train when the fire starts 
(role 1) are described below. Even though this person travels along several of the starting positions of 
the other identified roles during his/her evacuation, it is important to investigate all roles in the same 
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way when performing an analysis using this method. This is done in order to avoid accidentally 
missing information needs. The needs of the other roles are derived in the same manor. However, as 
this involves an extensive analysis, only one role (role 1) is studied in this example. 
 
On the train 
The persons who are close to the fire on the train will probably be aware of the fire at an early stage 
and will probably evacuate early if instructed to do so. Hence, on the train and close to the fire, the 
primary information need is the instructions to evacuate the train. 
 
At the platform 
When the person has exited the train to the platform, she/he needs clear directions on where to 
evacuate next. The person also needs instructions to keep evacuating to avoid congestion due to 
people stopping at the platform and searching for further information or waiting here for other 
reasons. If the person has movement impairments, additional information on how to evacuate may be 
needed. 
 
Within the compartment at the platform 
When the person has left the open space on the platform, instructions on further evacuation might 
need to be enforced. Here, specific instructions might be beneficial if certain evacuation behaviours 
are desired, e.g. primarily using the regular staircase and not the escalator if this is stopped, or similar. 
For persons with movement impairments, it is important that information is provided on how they are 
supposed to evacuate further as they might not be able to use the same escape routes as other persons 
from this part of the station. If these evacuees are supposed to use an elevator, or similar means of 
evacuation, that may lead to the person having to wait at platform level, it is important that it is 
conveyed that the waiting area is protected from fire and smoke. 
 
In the elevator lobby 
When the person has reached the lobby, information that the elevators are supposed to be used for 
evacuation is needed. Since it is probable that at least some of the evacuees will need to wait for an 
elevator in the lobby, it is also important that they are informed that the lobby is a safe area, protected 
from fire and smoke. In order for people to keep waiting for the elevators, information that these are 
in use and working is probably needed. Information on elevator arrival times could also be beneficial, 
but the impact of this system has still not been confirmed by research studies. As the most efficient 
way to evacuate might be a combination of stair and elevator evacuation, the person evacuating also 
needs to be informed that the stair could be used. However, because of the risk of fatigue, information 
on the length of the stair is needed, preferably before the evacuee enters the staircase. No separate 
information is needed for persons with mobility impairments, as the desired evacuation behaviour is 
coherent with the able-bodied population, i.e., everyone should use the elevators for evacuation. 
 
In the elevator 
As mentioned above, overload has been observed to be a factor that can affect the effectiveness of the 
evacuation [47]. However, if the elevator is not loaded optimally, this will also affect the effectiveness 
of the evacuation in a negative way. Hence, the evacuees need to be given information on how many 
people the elevator can load and if the elevator is overloaded this must be clearly given so that the 
evacuees can take proper action.  
 
In the staircase 
If the person chooses to evacuate through the stairs, fatigue can lead to evacuees needing to rest 
regularly and, in some cases, evacuees might not be able to climb the stair. According to a study 
performed on ascending stair evacuation some participants needed to rest within intervals of 15-20 
vertical meters [10], which indicates that areas for resting may be needed at these intervals. To avoid 
inefficient resting in the staircase, information on the distance to the next resting area is needed 
regularly. Also, the possibility to change escape route to elevators might be needed in association with 
information on how and where to do so. 
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In the entrance hall 
When the person has reached the entrance hall, information is needed to keep evacuating so that the 
entrance hall is not congested by persons waiting for the station to be reopened for train use.  
 
Step 5 - Define suitable measures to accommodate the needs 
Below are proposed measures to cope with the informational needs identified above.  
 
On the train 
As identified above, a voice alarm system should be installed in the train, informing that the train is to 
be evacuated and why.  
 
On the platform 
At the platform, a voice alarm system that contains the information to evacuate the station is needed. 
To enhance the effect of the evacuation message and avoid the misconception that the traffic will be 
resumed, the regular traffic information displays on the platform should be changed so that they show 
an evacuation message. Using different sources (visual, audio, etc.) have been recommended in 
previous research, but it is important that the messages then support each other [56]. Also, guiding 
signage is needed to show the persons on the platform where to evacuate.  
 
Within the compartment at the platform 
In this part of the station, the information to keep evacuating needs to be conveyed through spoken 
evacuation alarm and signage. If the escalators are supposed to be used for evacuation, this needs to 
be conveyed through signage above or at the side of the escalator, where people can be expected to 
look.  
 
For persons with movement impairments, information on how to evacuate need to be conveyed here. 
This could be done through signage above or beside the elevator to use. This signage needs to show 
clearly that it is primarily intended for use by persons with movement impairments, so that the 
evacuation is not slowed down by evacuees using this elevator when it is not needed. Beside the 
elevator, a sign informing that the compartment is protected against fire and smoke should be used to 
inform waiting persons. 
 
In the elevator lobby 
The information that the elevators could be used for evacuation and that the lobby is safe should be 
included in the voice alarm system message, which therefore should be changed from the one given 
on the platform. Since this information is different from what is normally given, it is important that 
the message is clearly formulated. According to previous research on the structure of a evacuation 
message, this should be kept short and use simple wording and follow a clear structure [56]. Also, 
short messages should not contain more than five information parts in order for it to be properly 
understood [56], [57]. Because of the complexity of the emergency messages in this case, it is 
recommended that these messages are tested separately prior to use. Further guidance on message 
formulation and message testing can be found in the literature [56]. 
 
The guidance signage also needs to provide the information that the elevators are intended to be used. 
Signage should be designed with the purpose of giving the message that the elevators are intended to 
be used by everyone and not only persons who have movement impairments. This sort of design has 
previously been discussed from a theory of affordances standpoint [54]. Also, the signage to the 
staircase should clearly convey that this exit contains a long staircase. The length of the stair should 
be given on an information sign at the side of the door, so that the evacuees has the possibility to 
make an informed decision before using the stairs for evacuation. Here, the stair length might need to 
be translated in to something more recognizable for the evacuees, e.g., that the length of the stair is 
equivalent to climbing a 30 floor building or similar. 
 
Because of the studies performed on accepted waiting time for elevator evacuation [43], [44], [48], 
[58], [59], it is deemed probable that some of the evacuees will decide to change escape route from 
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elevator to stairs. Therefore, it is a positive design aspect that the stair can be reached from the 
elevator lobby and do not need to pass through other fire compartments if they decide to take the 
stairs. However, to encourage waiting for elevators, a system that shows that the elevators are moving 
and functional is recommended. Also, two-way communication from the lobby could have a positive 
effect on the waiting time and the perceived safety according to one of the questionnaire studies [58]. 
A system showing the time until the next elevator arrives could also affect the evacuation and have 
preciously been proposed for evacuation elevators [60]. However, in the questionnaire study 
participants did not regard this as a system that would increase their waiting time in such an 
evacuation [58]. 
 
In the elevator 
In order for the elevator to be efficiently loaded, it is important that the evacuees are given 
information in some way on how many the elevator can carry. This could be given on a sign at the 
side of the elevator. Overloading has been identified as a possible problem in recent studies on 
elevator evacuation [47]. However, measures to minimise this problem were not tested and thus 
recommendation on mitigation measures based on research can not be given. Here, different technical 
solutions should be tested, e.g. a red light and an information sign within or beside the elevator when 
it is about to be overloaded, or similar.  
 
In the staircase 
Within the staircase, opportunities to rest where resting persons can stand without blocking the 
evacuation of others should be reachable at approximately every 20 vertical meters, based on previous 
studies on ascending stair evacuation [10]. The evacuees need to be informed about these resting 
zones through signage in the staircase so that they can plan their evacuation. Also, if possible, it 
should be possible to change escape route somewhere along the staircase, so that evacuees suffering 
from severe fatigue can switch to evacuate by elevator.  
 
In the entrance hall 
To avoid congestion in the entrance hall, the evacuation message should encourage evacuation to the 
outside and clearly state that the trains are not in operation. The regular traffic information signage 
should give the message that the trains are not operating. Guiding signage should indicate where to 
evacuate. Signage indicating where people with movement impairments can evacuate is also needed. 
 
DISCUSSION AND PROPOSALS ON FURTHER WORK 
From the literature review, a reflection is that most studies on the subject focus on calculation and 
evacuation efficiency and only a few studies have explored human behaviour and elevator evacuation. 
Also, most of the studies that have been performed with a human behaviour focus are questionnaire 
studies based on hypothetical scenario setups and these can be assumed to have low validity. With 
regards to this, more studies on elevator evacuation focusing on the human behaviour aspects, i.e., 
exit choice, waiting time and overloading, performed using more valid research methods are needed 
for elevator evacuation to become a more accepted evacuation strategy.  
 
A method for the development of information systems for elevator evacuation is proposed in the 
paper. This method is demonstrated in a case study, where elevator evacuation from a subway station 
is studied. The case study illustrates how information needs can be identified and how to identify 
measures to convey the proper information to evacuees.  
 
Even though a systematic approach is applied to the design of a evacuation system, it is imperative 
that this system and the different components within the system are tested holistically in a realistic 
environment to avoid design mistakes. A proposed process for this based on previous research is 
given in the paper. This process is designed with the purpose to avoid designer mistakes when 
developing evacuation systems.  
 
As mentioned, the performed case study is the first step in the process of designing new evacuation 
systems. Hence, to design a proper evacuation system for using evacuation elevators in a subway 
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environment, the next step would be to do laboratory tests of the system proposed in the case study. 
With current technology and knowledge, these tests could be conducted in a VR environment as this 
method has been proven to give reliable results in similar environments [61]. However, if using VR as 
a design tool, it is imperative to design virtual environments and experiments to reflect the important 
parts of the real design properly. Also, because of the limitations connected with the experience of 
realism in the technology, certain aspects of the design might need to be adjusted to fit with proper 
decision making, e.g., if a fire is included in the VR model, invisible objects may be needed to restrict 
the participants to move close to the fire as this might be a more viable choice in VR than in reality 
[62]. Despite the limitations, VR can be a powerful tool for this sort of studies due to its high degree 
of experimental control while the ecological validity is at a higher degree than questionnaires and 
similar studies [63]. Also, the flexibility of this method is beneficial as the process of evacuation 
design is iterative and identified problems can be fixed and then tested again before moving forward 
to the third step in the process, which is field testing. As field testing is expensive and less flexible, 
the more design errors that can be identified in the earlier steps of the process, the better. 
 
In order to collect correct data, a base-line for exit choice in a subway environment would need to be 
tested. In the research reviewed, only one study focuses on the willingness to use elevator evacuation 
when evacuating a subway station [43]. However, this is a questionnaire study based on a hypothetical 
scenario and more valid data is needed. Hence, laboratory or field evacuation experiments need to be 
performed to get proper base line data on the willingness to use evacuation elevators in this kind of 
environment. 
 
Also, the effects of both social influence and queueing needs to be studied further. A scenario where a 
subway station is evacuated is likely to be a very crowded situation. As shown by the reviewed 
research, the effects of crowds connected to evacuation elevators have only been studied in one 
questionnaire study and this was focused on how the crowd affected the exit choice in a theoretical 
high-rise building [48]. More research is needed on this factor, as it has been listed as a major 
perceived risk connected to elevator evacuation in other studies [58], [59]. 
 
CONCLUSIONS 
The literature review shows that elevator evacuation increases evacuation efficiency according to 
several calculation studies. However, there are still large knowledge gaps in the areas of human 
behaviour and elevator evacuation. Therefore,more laboratory and field experiments are needed to 
further explore these areas.   
 
An evaluation method for evacuation system designs has been proposed in this paper and illustrated 
using a case study of a subway station with elevator evacuation. As illustrated by the case study, the 
method is useful in the development of elevator evacuation system design. Even though the case study 
was performed on a subway station, the method is deemed applicable to other cases, e.g., high-rise 
buildings using elevator evacuation or similar. However, the informational needs and measures to 
accommodate these needs will be case specific. 
 
The case study identified several important measures, which accommodate the needs of the evacuees, 
e.g. (1) voice alarm containing information that elevators can be used for evacuation, and (2) a system 
in the elevator lobby indicating that the elevators are in operational and moving. However, in order to 
minimise design mistakes, it is recommended that the proposed measures should be tested in 
laboratory and field experiments before real-world implementation.  
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INTRODUCTION   
Alarm system is a key for fire safety of road tunnels. The objectives of fire detection are to 
achieve compliance with mandatory requirements of detectable fire intensity, alarm response 
time and false alarm rate; to ensure the system to be in duty throughout; to provide necessary 
information in a fire scenario, including fire location , smoke moving speed and direction, 
smoke covered zone for rescue and firefighting; to demand less maintenance. Behaviors of 
innovative digitalized fire detectors based on fiber Bragg grating (FBG) was systematically 
studied in Runehamar tunnel recently [1]. 
 
FIRE DETECTION PRINCIPLE USING FBG 

FBG, an index grating inside optical fiber core, could be generated when UV 
illumination arranged laterally to the fiber (fig.1). The photo-induced grating is a section 
(about 10 mm long) of the fiber with core index modulated periodically in the axial direction. 
The grating acts as a reflector of selected wavelength, λB, when the period equals to half of 
incident light wavelength. A linear relation, ΔλB/ΔT≈10pm/℃,is considered to monitor 
temperature. A string of FBGs in 10 meter spacing with different λB is prepared and 
suspended on tunnel ceiling.  Temperatures along the tunnel are recoded by an interrogator 
each second, as a function of corresponding time and position of detectors (Fig. 2). Fire can 
be identified through rate of temperature-rising (RTR) deviated from usual. An interrogator 
with maximum 32 independent optical channels serves a tunnel >6km with temperature 
precision of +/- 1℃ and resolution of 0.1℃.   

 
Fig.1. Structure and spectrum of fiber Bragg 
grating. 

 
Fig.2. Diagram of quasi distributed FBG fire 
detection system in tunnel.   

 
TEMPERATURE RESPONSE OF FBG 

Temperature response is an impotent characteristic for fire detectors. Comparing with 
thermocouples, a certain temperature delay of FBG heat detectors was found at the same 
positions on ceiling in Runehamar tunnel fire tests [1]. In general, the thermocouple responds 
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very fast, so that the temperature from thermocouple could be called gas temperature. A good 
fitting with TFBG=0.7Tgas was observed. Relative smooth curve of temperature by FBG may 
effectively decrease false alarm rate caused by temperature fluctuation in road tunnel (Fig.3).

 
(a) Thermocouples 

 

 
(b) FBG heat detectors 

Fig. 3. Comparison of temperature measured by thermocouple and FBG detection system in 
1.5 MW fire test.  FBGs close to the fire at 0m were obviously heated by radiation.  
   
DIGITALIZED DETECTION TO TUNNEL FIRE 

Multiple remarkable features have been found rely on the precise and reliable digital 
output by FBG detectors, except immune from electromagnetic field and humid environment, 
long lifetime (>20 years), and long distance signal transmission through an optical fiber 
(20km).  An optimal alarm threshold can be pointed between upper and lower limit of a 
reasonable threshold interval. The lower limit is defined by on-line mass data analysis of 
routine temperatures for all detectors in a given tunnel in operation.  Dimension of the 
reasonable threshold interval carries out a characterization of the alarm system, which is 
beneficial to on-line evaluation, lest there be a functional unknown alarm system before a real 
fire happened. Based on this, mandatory requirements of false-fire-alarm rate and 
failed-fire-alarm rate can be reached, simultaneously [2]. 

It is quite difficult to estimate a fire location by heat detection within longitudinal wind; 
however it is so important particularly for a tunnel equipped with fixed water/foam fire 
extinguisher. The digitalized FBG detectors can response to weak radiation from fire, based 
on which the fire can be localized in a few seconds after alarm by algorithm. 

Determining a zone covered by smoke is necessary for fire brigade to save life in a 
tunnel fire. High sensitivity of the detectors enables to probe a temperature jumping when the 
hot smoke just touches the detector.  Intelligent software catches the temperature jumps of a 
succession of detectors after fire alarm so as to describe size of smoke zone, smoke moving 
direction and speed.   

This work was funded by Shanghai Science and Technology Committee, No. 
16510730900 
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INTRODUCTION 
This poster shall give an overview of the current status of norms, standards and guidelines for water-
based Fixed Fire Fighting Systems (FFFS) in tunnels in different countries around the world. In some 
regions FFFS in tunnels are common practice and covered by national norms and guidelines, whilst in 
other countries FFFS are introduced only for specific tunnels, based on risk analysis or where 
regulatory frameworks are missing.  
 
STANDARDS AND GUIDELINES 
Standards and guidelines are evolving and changing throughout the years. Due to technical changes 
and improvements of fire protection methodologies, norms, standards and guidelines as well as other 
publications are continuously being updated. The current status of several international norms and 
guidelines will be displayed on this poster. Following documents have been analysed:   
 
NATIONAL FIRE PROTECTION ASSOCIATION - NFPA 502 (2020) 
The NFPA 502 (2020) is the Standard for Road Tunnels, Bridges, and Other Limited Access 
Highways. The NFPA is the worldwide most recognized association of fire protection codes. 
FOGTEC is a member of the Technical Committee of NFPA 502.  
FFFS have been already included into the standard several years ago. Chapter 9 gives an overview of 
design objectives, impact to other safety systems as well as design requirements. Annex E describes 
benefits and capabilities of FFFS and the positive effect on the overall fire life-safety context. Latest 
important research work has been summarized in Annex E. Moreover, an update is given about recent 
installations of FFFS in various countries.   
 
RABT 2006 and EABT 80/100 
Following a number of severe fires in road tunnels a few years ago, the European Commission (COM) 
has published the "Directive 2004/54 / EC of the European Parliament and of the Council of 29th 
April 2004 on minimum safety requirements for tunnels in the Trans-European Road Network". [2] 
For national implementation in Germany, the RABT 2006 was introduced [3]. Recently the EABT 
80/100 was released, containing principles, advice and criteria for the design of road tunnels and their 
operation. FFFS shall be considered for certain tunnel types and a design fire load of ≥ 100MW in 
order to limit the fire size, support rescue services and protect the tunnel structure against high 
temperatures. The effect of the FFFS shall be taken into account into the overall assessment of the 
tunnel. [4] 
 
PIARC PRACTICES AND RECOMMENDATIONS 
The World Road Association (PIARC) is a non-profit organization that aims to improve international 
cooperation since 1909 and seeks to accelerate progress in the field of road tunnels and road transport. 
In the study "Fixed Fire Fighting Systems in Road Tunnels: Current Practices and 
Recommendations", published by Technical Committee 3.3, it is noted that FFFS have been used for 
decades, e.g. in Japan and Australia, with a growing interest in parts of Europe, North America and 
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Asia. The article states, that "FFFS are increasingly seen as a method that can deliver user safety and 
infrastructure protection, and can be used as a risk reduction measure." PIARC has changed its point 
of view on FFFS in the recent years and considers FFFS in tunnels as beneficial to limit fire growth, 
support egress by extended evacuation times and for infrastructure protection. [5] 
 
Austrian guideline RVS 09.02.51 
The Austrian guideline RVS (rules and regulations for roads) 09.02.51 (Fixed Fire Fighting Systems) 
is used for the planning of "stationary firefighting systems with aqueous extinguishing agent in road 
tunnels". The guideline defines benefits of FFFS in tunnels such as reduction of radiant heat and 
amount of smoke, improvement for the safety of tunnel users and the protection of the tunnel 
structure. Moreover, FFFS may allow for compensation of other safety systems such as ventilation, 
distance of emergency exits in existing tunnels and structure protection measures. [6] 
 
SOLIT² EVALUATION OF TUNNELS WITH FIXED FIRE FIGHTING SYSTEMS 
 

The SOLIT² guideline, funded by German Federal Ministry for Economic Affairs and Energy, serves 
as a framework for fire testing, design, installation, operation and maintenance of FFFS in tunnels. 
The guideline is endorsed by ITA-COSUF. One of the main focusses is on compensation potential 
when installing a FFFS into a tunnel, such as reduced ventilation requirements, improvement of 
structural protection and improvement of life safety. The guideline addresses consultants, operators, 
fire rescue services and other stakeholders and has been used in various tenders as basis for a proper 
design of FFFS in tunnels. 
 
UPTUN ENGINEERING GUIDANCE 
This guideline was created as a result of the EU-funded research project UPTUN, which included a 
number of full scale fire tests with FFFS in tunnels. This document gives information about design, 
installation and maintenance of FFFS in tunnels as well as the interaction with other systems in 
tunnels. Minimum requirements for FFFS in tunnels have been defined. 
 

 
CONCLUSION 
FFFS have been introduced into a number of standards and guidelines for tunnels in the recent years. 
In some countries FFFS have been included into national regulatory frameworks. However, tunnel 
safety regulations still differ quite significantly between one country to the other. In many cases 
international widely accepted standards and guidelines have been used to implement FFFS into the 
protection concept of tunnels. 
 
REFERENCES 
1. NFPA 502, E.3.2 , available at https://www.nfpa.org/codes-and-standards/all-codes-and-

standards/list-of-codes-and-standards/detail?code=502 (last visited 03.12.2019) 
2. EU, “Directive 2004/54/EC of the European Parliament and of the Council of 29 April 2004 on 

minimum safety requirements for tunnels in the Trans-European Road Network”, 29.04.2004 
3. Forschungsgesellschaft für Straßen- und Verkehrswesen „Richtlinien für die Ausstattung und 

den Betrieb von Straßentunneln, RABT“, Edition 2006 
4. Forschungsgesellschaft für Straßen- und Verkehrswesen „EABT-80/100 Empfehlungen für die 

Ausstattung und den Betrieb von Straßentunneln mit einer Planungsgeschwindigkeit von 80 
km/h oder 100 km/h“, Edition 2019  

5. World Road Association (PIARC) “Fixed fire fighting systems in road tunnels: Current 
practices and recommendations”, Edition 2016 

6. Österreichische Forschungsgesellschaft Straße – Schiene- Verkehr, „RVS 09.02.51 Ortsfeste 
Brandbekämpfungsanlagen“, 01.07.2014  

7. SOLIT² Reseach Consortium “SOLIT² Safety of Life in Tunnels – Engineering Guidance for 
Comprehensive Evaluation of Tunnels with Fixed Fire Fighting Systems”, Version 2.1 
November 2012  

8. UPTUN Research Consortium WP2 „Guideline for Water Based Fire Fighting Systems for the 
Protection of Tunnels and Sub Surface Facilities“ WP251, Edition 2007  

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

666

https://www.nfpa.org/codes-and-standards/all-codes-and-standards/list-of-codes-and-standards/detail?code=502
https://www.nfpa.org/codes-and-standards/all-codes-and-standards/list-of-codes-and-standards/detail?code=502


Air velocities in tunnels-a combination of simple hand 
calculations 

 
Niclas Åhnberg, Hans Nyman & Robert McNamee 

Brandskyddslaget 
Långholmsgatan 27, 117 33 Stockholm 

E-mail: niclas.ahnberg@brandskyddslaget.se 
 
 
 
KEYWORDS: Tunnel, wind, fire, air velocity 
 
 
INTRODUCTION 
 
The poster describes a proposal for a method to calculate the resulting air velocity in tunnels in case 
of a fire. The method is based on a composition of simple hand calculation methods for wind 
influence based on weather statistics, tunnel geometri, season-based temperatures in the tunnel and 
heat release rate (HRR). The calculations include effects of air movement just before the fire develops 
and adds the influence of the fire. The purpose of the simplified calculations can, for example, be used 
to determine input data for CFD models and evacuation calculations. 
 
 
METHOD 
 
The method can be described based on a number of calculation steps based on expressions from 
chapter 13 in the Tunnel Fire Dynamics handbook [3], eq. 13.17 and 13.26 and superpositions of 
pressure differences.  At the first step, air velocities in the tunnel and the wind pressure are calculated 
before the fire starts based on the external wind statistics and a semiempirical expression [1,2] which 
results in a pressure difference due to external wind inside the tunnel. 
 
In the second step the air velocity and the pressure difference in the tunnel are calculated due to the 
tunnel slope, geometry and seasonal temperature variations [3], eq. 13.26. In this step the temperature 
inside the tunnel before the fire starts is used. 
 
The result from the two first steps is a resulting total pressure difference (positiv or negative) inside 
the tunnel due to external wind and seasonal variations in a tunnel with a slope before the fire 
develops.  
 
In the third step the total presseure difference is calculated in case of a fire again using eq. 13.26 with 
the calculated pressure difference from the second step. 
 
 
EXPECTED RESULTS AND DISCUSSION 
 
Predicting air velocities in a tunnel is complex and they can vary between different times of a day and 
at different seasons. The effect of the resulting air velocity on an evacuation scenario is difficult to 
determine. A higher air velocity in one direction may be more favorable in some fire scenarios and a 
lower air velocity can improve the situation of other scenarios. With the described method based on 
superposition of pressure differences, weather statistics, tunnel geometry and HRR, a more refined 
input data regarding air velocity variations can be calculated for larger numbers of scenarios based on 
hand calculations. The method aims to provide more informative inputs (initial values) to CFD 
calculations and evacuation models. 
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INTRODUCTION 
The Beidi Tunnel is a new, shallow, urban road tunnel in Shanghai, China. It is 1780 m long and 
consists of two cut-and-cover parallel tubes, each carrying three lanes of traffic, see Figure 1. It 
connects the middle ring road with the outer ring road between two of the busiest transport 
intersections in Shanghai and carries a high volume of traffic every day. For most of its length it 
follows the route of an overground highway. 
The ventilation strategy for both pollution control and smoke management in the event of a fire uses a 
natural ventilation system of large rectangular shafts, positioned asymmetrically above the outside 
lane in each carriageway. The shafts are positioned every 50 m along the tunnel, are 4 m wide by 10 
m long, and discharge directly through the central reservation of the highway above, also permitting 
daylight into the tunnel, see Figure 2. 
 

  
Figure 1 – The configuration of the Beidi tunnel 

and its ventilation shafts. 
Figure 2 – The opening of the ventilation shaft 

above ground. 
 
In 2017 and 2018, during construction, a series of full-scale fire tests and human behaviour egress 
studies were carried out in the tunnel. This poster summarises the egress experiments. 
 
EGRESS EXPERIMENTS 
The tunnel features emergency doorways between the tunnel tubes, at 100 m intervals along the 
tunnel, see Figure 3. In the experiments, volunteer participants were led, blindfolded and wearing 
earplugs, through either Gate A or Gate B and were guided to either Zone 1 or Zone 2, as shown in 
Figure 3. The 30 participants in the experiments were students from Tongji University, and staff 
members from companies involved in the construction project. Participants were tested one at a time, 
not as a group. As shown in Figure 3, part of Zone 1 was below one of the ventilation shafts, while 
another shaft was located between Zone 2 and Gate B. The shafts let in sunlight. Some parts of the 
tunnel were cordoned off as rectangles representing vehicles stopped in the tunnel, see Figure 4. Cold 
smoke generated using ‘smoke cakes’ was used throughout the test series. At the start of each trial the 
participant was instructed to remove the earplugs and blindfold, and a pre-recorded voice alarm was 
played. The participants then self-evacuated. 
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Figure 3 – Schematic of the experimental zones 

and evacuation gates 
Figure 4 – Cordoned-off areas representing 

stopped vehicles. 
 
Various methods were applied in this experiment to record participants’ movement, physical condition, 
and emotional state by video, health equipment, questionnaires and interviews. Of particular interest is 
the influence the shafts have on participants wayfinding and exit choice [1-2].  
 
EXIT CHOICE 
Participants’ entrance gates, their starting zones and their routes and exits choices are shown in Figures 
5 and 6. 13 participants of 15 who entered the tunnel from Gate A evacuated through Gate A and 14 of 
the 15 who entered the tunnel from Gate B evacuated through Gate B. Despite the blindfold, earplugs, 
and different start zones, this shows a strong relationship between entrance and exit choice. 
Furthermore, there was only a weak connection between starting points and exits for people to escape; 
many participants chose their known exit, even if the other Gate was closer to their starting point. The 
egress route choices also show the cultural preference to keep to the right when walking, although the 
attraction of the daylight from the shaft caused some participants to temporarily break this habit.  

 
Figure 5 – Exit routes of participants who were led in through Gate A 

 
Figure 6 – Exit routes of participants who were led in through Gate B 

 
PHYSICAL AND EMOTIONAL ASPECTS 
Participants’ physical and emotional states were also monitored and will be summarised on the poster. 
It was found that the daylight from the shafts relieved the anxiety of some particpants and provided a 
false sense of security as they perceived the area of daylight to be a place of safety, this should be 
considered in future tunnel design [3].  
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INTRODUCTION 
The Beidi Tunnel is a new, shallow, urban road tunnel in Shanghai, China. It is 1780 m long and 
consists of two cut-and-cover parallel tubes, each carrying three lanes of traffic, see Figure 1. It 
connects the middle ring road with the outer ring road between two of the busiest transport 
intersections in Shanghai and carries a high volume of traffic every day. For most of its length it 
follows the route of an overground highway. 
 
The ventilation strategy for both pollution control and smoke management in the event of a fire uses a 
natural ventilation system of large rectangular shafts, positioned asymmetrically above the outside 
lane in each carriageway[1]. The shafts are positioned every 50 m along the tunnel, are 4 m wide by 
10 m long, and discharge directly through the central reservation of the highway above, also 
permitting daylight into the tunnel, see Figure 2. 
 

  
Figure 1 – The configuration of the Beidi tunnel 

and its ventilation shafts. 
Figure 2 – The opening of the ventilation shaft 

above ground. 
 
In 2017 and 2018, during construction, a series of full-scale fire tests and human behaviour egress 
studies were carried out in the tunnel. This poster summarises the fire tests. 
 
EXPERIMENT SCENARIOS 
Six pool fire experiments were carried out, with fuel pans of different sizes in different locations in 
the tunnel to demonstrate the effectiveness of the shafts for smoke control and thermal management. 
The fuel used was a mixture of diesel and gasoline, and fire sizes nominally of 1, 2 and 5 MW were 
tested, at locations under a shaft, between shafts, and on the nearside lane away from the shaft. 
 
During the experiments the temperature and carbon monoxide levels were recorded at various 
locations in the tunnel, to quantify the tenability of the tunnel for egress of passengers in an 
emergency. Three lines of thermocouples were mounted on the ceiling in each of the three lanes along 
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a 300 m section of the tunnel, with thermocouples every 10 m. Also temperature measurements were 
made at 6 different heights in the tunnel at 11 locations on both sides of the fire location, see Figure 3. 
Carbon monoxide concentration was recorded at head height across the 300 m measurement zone at 
20 m intervals.  

 
 

Figure 3 – Distribution of thermocouples at one of the measurement locations. 
 

RESULTS 
Data from the experiments will be summarised on the poster and photos presented, see Figure 4. 
Results show that the maximum ceiling temperature was recorded in the 5 MW fire test which was 
located furthest from the shaft. However, this maximum temperature was less than 200℃, which is 
deemed acceptable for a concrete tunnel lining [2]. Also, the tests show the efficacy of the shaft in 
removing the hot smoke from the tunnel environment as the smoke remained stratified throughout and 
the temperatures at head height were acceptable for egress, reaching a maximum of only 35℃ for a 
short period. In all scenarios, the carbon monoxide concentration at head height stayed below 20 ppm 
at all locations, for the entire 800 s duration of the tests. When fire was placed directly below the 
vertical shafts, the natural ventilation worked efficiently and actually cooled the tunnel, drawing in 
fresh air from the portals [3]. Every fire location and pool size tested demonstrated acceptable 
tenability conditions for safe egress throughout the tunnel. 
 

    
 

Figure 4 – Example photos of a pool fire and the smoke plume above the shaft. 
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INTRODUCTION 
Ensuring the safety of a fully operational public utility tunnelling system such as a Metro Tunnel has 
always been a point of immense concern. The same becomes further critical while carrying out ‘Cut & 
Cover’ construction over the tunnel as even the slightest of safety lapse can be disasterous to the tunnel 
alignment. 
However, DMRC (Delhi Metro Rail Corporation Ltd.) set a landmark in the field of tunnelling safety 
by constructing a whole station platform (INA Metro Station of Line-7) over the existing metro twin 
tunnels (Line-3 of Delhi Metro) and that too without interrupting the operation of  the existing tunnel 
even for a day. It may be noted that the difference between the platform base slab and tunnel crown of 
the existing twin tunnels was only 1.05m. The twin tunnels are circular in shape and had been 
constructed using Pre cast lining through Shield TBM methodology. 
To introduce the scenario, it is conveyed that a new INA interchange station of LINE-7 (Pink Line) was 
to be constructed to integrate proposed LINE-7 with INA station of existing and operational Line-3 
(Yellow Line). However, in order to achieve the same, a part of the platform of the new station had to 
cross above the operational twin tunnels of the existing Line-3, and that too with a available clear cover 
of just 1.05m between the platform slab and tunnel crown. 

Fig. 1 (Location of crossing Area under bubble) 

 
GENERAL ARRANGEMENT & METHODOLOGY 
The above construction was critical due to the proximity of soil cover intervention over the existing 
metro /tunnel and implementation of well thought out methodology to ensure the safety of the tunnel at 
all times during construction was essential. Accordingly, the effected zone (16m*35m) was divided into 
6 compartments for construction purposes (refer plan and L-section of the area below) and the 
excavation of each of the 6 compartments had to follow a specific sequence so that the safety and 
alignment of the tunnels underneath was not compromised at any point of time during removal of soil 
over burden. The isolation of these compartments was achieved through boring contiguous bored piles 
upto design depth based on their location. 
Further, the whole sequence of execution was strictly carried out using a 24*7 real time instrumentation 
monitoring plan that ensured that the serviceability (SLS) of the operational existing tunnels of Line-3 
was maintained during the construction of new station platform of Line-7. 
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Fig. 2 & Fig. 3 : Plan & X-Section of Crossing Area with Support Arrangement 

INSTRUMENTATION 
Since, the Line-3 tunnels in reference were kept in regular operations throughout without implementing 
any speed restrictions, it became essential to implement a fully automatic Real Time instrumentation 
system to access the health of the tunnel. This was the biggest concern in view of the fact that passengers 
trains kept passing through that tunnel every min. of the whole construction cycle. Accordingly, Beam 
Sensors (for monitoring deformation in tracks), Strain Gauges (for monitoring strain in tunnel lining) 
and Displacement Monitoring Points (for monitoring tunnel geometry) were installed in the twin 
tunnels along with a 24*7 real time monitoring robotic system.  
 
REAL TIME MONITORING PROGRAM 
The instrumentation monitoring program of tunnels was typically designed in order to address 2 critical 
issues; (a) Monitoring displacements of the tracks/tunnels in respect to serviceability during train 
operations and, (b) Monitoring the overall displacements that tunnels underwent in respect to the 
allowable deformation. 
Accordingly, the robotic arm installed inside the tunnels would continuously record the readings for 
BS(Beam Sensors), DMP/OT(Optical Targets) and SG (Strain Gauges) as per the schedule 
(30min./10min.) and the same could be accessed in Real-Time at the DAS (Data Acquisition System) 
installed at the station area and remotely connected with the instrumentation system inside the tunnel. 
The readings were also updated simultaneously over the internet thus enabling the Web-Based-Access. 
Any violation of the Limiting Values would automatically trigger alarm at DAS and also in the form of 
auto-generated SMSs to designated engineering and instrumentation team. 

DISCUSSION 
In the final poster, the detailed construction sequence along with the observed instrumentation values 
will be presented. Also, the contingency measures kept in place for any eventuality would be briefed. 
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INTRODUCTION 
In 2016 the Institute of Internal Combustion Engines and Thermodynamics at Graz University of 
Technology carried out full scale fire tests at Koralmtunnel (33km railway tunnel) in Austria [1]. The 
field tests ranged from heat release rates of 4 to 21 MW. Based on these experiments 3D-CFD 
simulations of representative fire-tests have been performed employing Fire Dynamics Simulator 
(FDS) and Smokeview [2]. The current poster contains the results of the CFD calculations with focus 
on thermal profiles and backlayering length. Thus, it is possible to validate the CFD results against the 
measured data. 
 
EXPERIMENTAL INVESTIGATIONS - SET-UP AND RESULTS 
The experimental set up and the test data are described in detail in [1]. In total 14 fire tests were 
performed. The duration of the fire was in the range of 8 up to 21 minutes and strongly depending on 
the air speed and the number of pools. Concerning smoke propagation, video cameras were the 
primary monitors. The vertical temperature profiles also gave information about the smoke 
stratification, as the hot layers are caused by the fire and filled with smoke.  
 
SIMULATION MODELS 
For the numerical simulations of KAT fire-tests, FDS was chosen as software platform, due to its 
advantages in fire modelling. FDS provides numerous solvers for calculating the pressure field. For 
choosing the right pressure solver, test runs including two new pressure solvers (SCARC & 
USCARC), were performed. It turned out that the UGLMAT solver leads to respectable solutions 
within an acceptable time, when comparing the results with the measured data. As some pressure 
solvers have strict requirements on the cell size (restrictions on varying cell size), cell size was 
defined to be constant within the calculation domain. Nevertheless, test runs were performed with 
different cell sizes starting with 0.5m and refined to 0.25m, where mesh independency was reached. 
Heat transfer was considered in terms of heat conductivity, defined by the heat conductivity 
coefficients of the material layers, convective heat transfer was calculated depending on the air 
velocity and radiation was modelled using a grey-body model, as soot is the most important 
combustion product concerning radiation from fire and hot smoke in large fire events. Radiative 
fraction of the released heat was assumed with 0.33. 
For modelling the combustion reaction, the simple chemistry model, implemented in FDS, was used. 
Fuel composition was defined by a mass-fraction of C=0.86, H=0.1395 and O=0.005. Yield factors of 
CO (0.01) and soot (0.04) were taken from literature [3]. Boundary conditions for air velocity, supply 
air temperature and relative humidity as well as fuel consumption were given by the recorded curves 
of the experiments. Velocity inlet was set 25 times hydraulic diameter upstream the fire source, to 
avoid any impact on the backlayer propagation due to the inlet momentum. 
 
RESULTS 
In the following explanations the results from two representative fire tests (one small fire-test with a 
fuel surface area of 4m² and one large fire-test - 8m²) are discussed.  
Table 1 (small fire-test) and Table 2 (large fire-test) show the comparison of temperature curves over 
time between simulation and experiment. While maximum temperatures are nearly the same for small 
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and large fires, measured temperature gradients close to the ceiling are higher, which results in a 
slight overprediction of temperature in lower regions in the simulations (temperature-stratification). 
This effect is independent of the used cell sizes and the heat release rates. 
 
Table 1: Comparison of results from simulation and experiments - small fire test 

FDS Experiments 

  
 
Table 2: Comparison of results from simulation and experiments - large fire test 

FDS Experiments 

  
 
The evaluation of backlayering lengths has to be done carefully, because backlayering lengths were 
visually observed in the experiments. The comparison with the experiments shows higher values for 
backlayering-lengths (factor 1.2) in the simulations. Calculated backlayering lengths with empirical 
approaches from literature [4] lead to similar results as in the simulations. This information gave a 
positive feedback for being independent on the inlet momentum. 
 
DISCUSSION 
Generally, the comparison of results from FDS-simulations and the measured data show a good 
accordance. Going into detail, heat transfer from exhaust gas to tunnel wall is underestimated in the 
FDS-simulations, even if the radiative fraction of combustion heat is estimated by 0.33. This leads to 
a higher energy-content within the exhaust gases and therefor in lower temperature gradients in the 
simulations. Avoiding this effect is possible by a high resolution of the boundary layers (y+ ≈ 30) 
close to the tunnel wall. Thereby, the convective heat transfer can be calculated accurately. 
Average backlayering lengths from simulations and empirical approaches are well compareable, but 
visual observed backlayering showed 20% shorter lengths.  
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INTRODUCTION 
This case study focuses on a tunnel that is constructed as a 740 foot bridge deck spanning over a 
highway corridor. The bridge deck also provides support for park landscaping, multi-use recreational 
paths, surface streets, HOV lane connections and light rail transit lines located above the tunnel. The 
tunnel consists of a reinforced concrete deck that is supported by high-strength, precast-prestressed 
concrete wide flange girders. The girders sit atop cast-in-place pier walls on spread footings. Unlike 
traditional mined, bored or cut-and-cover designs, this tunnel/bridge configuration presents inherent 
challenges in a fire scenario such as the following: 

• Due to the long spans over the roadway (e.g. 117 feet) and heavy park loads, prestressed 
concrete girders using steel strands are needed. Prestressing strands, however, rapidly lose their 
load-bearing capacity at relatively low fire temperatures (e.g. 50 % of yield strength at 400 °C).  

• High strength concrete, which has inherent vulnerabilities to spalling in fire conditions, is also 
needed for the prestressed girders to support the tunnel/bridge structure.   

• Because the main support girders are open to the tunnel roadway below, 3-sides of their cross-
sectional profile are exposed in the event of a severe fire, which accelerates heat penetration 
into the elements.  

Prescriptive requirements in recognized standards and guidelines such as International Tunnelling 
Association (ITA) [1] and NFPA 502 [2] have limitations on the temperatures of the reinforcing steel and 
concrete materials, and restrictions on spalling to prevent progressive structural collapse in a fire event. 
Direct compliance with the prescriptive requirements for this project would have resulted in impractical 
levels of passive protection measures such as gypsum board, cladding and sacrificial concrete layers 
that would have introduced significant installation and long-term maintenance challenges. 

As an alternative, this case study proposed a performance-based structural fire design approach to 
provide a more robust and practical design to address some of the inherent drawbacks of the traditional, 
prescriptive protection methods. 
 
PERFORMANCE-BASED APPROACH 
The performance-based approach involves defining a credible design fire exposure and quantifying 
the structural response of the tunnel as described in the following paragraphs. 

Design Fire Exposure: A fire hazard analysis was conducted for the tunnel which determined the 
design fire to be a liquid fuel spill fire from a low-probability tanker truck accident in the tunnel. The 
hazard analysis accounted for the effects of a fixed fire suppression system (FFSS) on the peak 
temperature distribution from the fire source as permitted by NFPA 502. The effect of a FFSS on the 
peak design fire exposure is shown in Figure 1.  

Furthermore, a three-dimensional computational fluid dynamics (CFD) fire model of the design fire 

1 International Tunnelling Association (ITA), “Guidelines for Structural Fire Resistance for Road Tunnels”, 2004 
2 NFPA 502, “Standard for Road Tunnels, Bridges, and Other Limited Access Highways”, 2017 Edition 
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underneath the tunnel was conducted to determine the spatial variation of peak gas-phase temperatures. 
In Figure 2, the spatial distribution of gas phase temperatures (at the bottom flanges of the girders) in 
the tunnel are illustrated in 10% increments of reduced heat contours and are overlaid on a plan view 
of the tunnel girders. Based on the spatial temperature distribution map, heat transfer analyses through 
the depth of the girder elements were performed. For conservatism and to simplify the analysis, the fire 
temperatures experienced on the bottom flange of the girders were assumed to occur uniformly across 
all three exposed sides. The thermal properties for heat transfer are based on Eurocode 2[3].  

 
 

Figure 1: Design fire exposure temperatures 
showing effects of fire suppression 

Figure 2: Spatial distribution of peak temperature 
reductions overlaid on the plan of girders 

 
Structural Response: Structural analyses (single element and element removal) of the tunnel were 
conducted taking into consideration the actual applied structural loads in the fire limit state, thermally-
induced expansion forces and thermal degradation of material properties due to the design fire exposure. 
The fire limit state loads and thermo-mechanical properties are based on recommendations in 
ASCE/SEI[4] and Eurocode 2[3]. As part of the analysis, several design modifications, such as relocating 
the prestressing strands towards the interior cooler section of the girders and providing extra concrete 
cover, were evaluated to enhance the load bearing capacity of the tunnel for fire conditions. To provide 
additional robustness to the design, an element removal analysis (assuming the failure/loss of a critical 
girder due to an extreme fire event, excessive fire-induced spalling or other unknown event) was 
performed to assess the tunnel’s capacity to resist progressive collapse, to redistribute structural loads 
and maintain stability. Ultimately, the fire resistance design of the tunnel relies on inherent structural 
robustness to withstand structural damage and progressive collapse in a credible fire scenario. 

High Strength Concrete (HSC) Spalling: Due to the susceptibility of HSC to explosive spalling, a 
detailed review of the proposed mix design (e.g. aggregates, binder, admixtures, etc) and properties 
(e.g. strength, permeability, moisture content, etc) was also conducted. The review was benchmarked 
against the latest international research data, fire testing and design guidance that address fire-induced 
spalling. Recommendations were provided for the HSC mix design to improve its spalling resistance, 
as well as, for introducing a steel mesh reinforcement to further reduce significant material loss.  

Design Strategy: The structural fire design of the tunnel is based on the following design features: 
• A deluge sprinkler system will be designed and installed in the tunnel. 
• Additional concrete cover will be provided on the original girder sections. 
• A mesh reinforcement will be provided for the girder sections to limit the likelihood of fire-

induced spalling. 

Key Takeaway and Future Recommendation: From this case study, adopting an understanding and 
application of performance-based structural fire engineering could be the most effective method of 
design for some non-traditional tunnel configurations. As future recommendation, further research is 

3 EN 1992-1-2 “Eurocode 2: Design of Concrete Structures – Part 1-2 General Rules – Structural Fire Design”, 2004 
4 ASCE/SEI 7-16, “Minimum Design Loads and Associated Criteria fro Buildings and Other Structures”, 2016 

Temperature reduction 
following sprinkler 
activation 

Seat of 
design fire 

Ninth International Symposium on Tunnel Safety and Security, Munich, Germany, March 11-13, 2020

678



needed to better characterize the thermo-mechanical properties and spalling behaviour of HSC. 
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INTRODUCTION 
In the past few years, the incidence of fires in highway tunnels owing to a number of vehicles carrying 
flammable substances was growing. Particularly, under the condition of vehicle jam, coupled with the 
running of the car air condition, exhaust emissions, engine cooling, etc., the temperature inside the 
tunnel will be much higher than 35 °C. For example, the temperature inside the Yangtze River Cross 
Tunnel was as high as 60 °C in July 2008 in Wuhan. It is easy to cause spontaneous combustion of 
automobiles at such high temperatures. Excessive ambient temperature and the longitudinal 
ventilation velocity play a critical role in accelerating fire accident. It is worth noting that the majority 
of works little concern the presence of dynamic or stationary traffic flow has a considerable influence 
on tunnel fire behaviour. Moreover, fire which spreads from the initially burning vehicle to others can 
cause uncontrollable and catastrophic outcomes. Thus, both two cases of normal traffic flow and 
traffic jam will be conducted in the numerical models. Typically predictions of smoke temperature, 
velocity and carbon monoxide concentration will be also provided. 
 
METHODOLOGY 
Theoretical analysis and numerical study are included in this article.  
When a fire broke out in a tunnel, Brousse ignored the problems of detection, alarm and traffic control, 
and proposed a traffic flow model. 
According to the Brousse traffic model, the longitudinal wind speed in the tunnel fire could be 
calculated combined with the geometry parameters of the tunnel. The commercial computational fluid 
dynamics (CFD) software, FLUENT is employed to analyze the smoke diffusion characteristics under 
normal traffic flow and traffic jam in this project. And the CFD results can be validated by the above 
longitudinal wind speed. 
  
NUMERICAL SIMULATION 
A numerical model is used CFD to simulate Xiangshan Tunnel in Fuzhou, China. Xiangshan Tunnel 
is a traffic fort located in Fuzhou Second Ring Road and is also one of the biggest bottlenecks. The 
speed limit is 50 km/h, and the traffic volume during peak hours is 4,200 per hour. The whole tunnel 
is 230 m long and designed as a two-way four-lane carriageway. The single-hole clearance width is 
9.25 m, and the lane width is 7 m. The crown of the arch is 7 m high, and the vertical clearance is 5 m.  
The boundary conditions of two cases are below: 
Case 1: The normal traffic flow in whole tunnel with 230 meters in length will be simulated, and the 
internal grid of computational model was shown in Fig.3. The initial boundary conditions were 
carefully measured on July. The inlet ambient temperature is 303K, and the inlet wind speed is 
2.53m/s. No fire occurs. The vehicle speed is 40km/h, and the vehicle size is assumed as 4.8 m (L) × 
1.85 m (W) x 1.5m (H). The total thermal power of the vehicles in the whole tunnel is 277 kW, which 
was discharged by surface source (distributed on a 230 m × 7 m plane). The emission height is set at 
0.2 m from the floor. The air in the tunnel is assumed as an incompressible fluid. The gravity of air 
and the heat exchange between the tunnel and the air were considered.  
Case 2: The actual fire section is located at the centre of the driving lane and in the middle of the 
tunnel length (the worst-case scenario). The fire source is assumed as an isolated burning vehicle with 
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the fire heat release rate (HRR) 12MW.  The burning vehicle was taken as a rectangular block with 
the following dimensions (length × width × height):4.8 × 1.85× 1.5 m3 as shown in Fig.4. In order to 
investigate the influence of the presence of vehicle queues on fire development, the simulations of the 
presence of traffic jam was performed in both two tunnel lanes. The vehicles slowed down as they 
approached the fire, then they queued up and stopped 10 meters in front of the fire source. The vehicle 
spacing in the queues at upstream region is 4 meters. After the start of the fire, no vehicle stops at the 
downstream region, which was assumed to drive away from the fire source to the tunnel exit. Monitor 
points 1 and 2 are located 10 m upstream and downstream 10 m the fire source at the tunnel centreline 
and both are up to 1.6 m in height from the road pavement. The other initial conditions are the same 
as case 1. 
DISCUSSION 
In the final, the results from the theoretical analysis and numerical simulation will be presented and a 
discussion of the smoke movement characteristics in the tunnel fire under the condition of both 
normal traffic and traffic blockage will be made. The rasults of predicted smoke temperature, airflow 
velocity, smoke concentration and carbon monoxide concentration are shown and discussed.  
 Longitudinal wind speed  
The maximum longitudinal wind speed through theoretical analysis is 5.01 m/s without activation of 
the jet fan. The maximum airflow velocity (4.67 m/s) was predicted under the tunnel ceiling in the 
Case 1 simulation, which is close to the theoretical value. The maximum longitudinal wind speed 
(4.19 m/s ) was reached by the flue gas near the fire source in the Case 2 simulation, which is 
consistent with the Brousse model results. 
 Smoke temperature 
The temperature of monitor point 1 does not change significantly with time, which is mainly due to 
continuous supplement of cold air from the entrance. The tunnel upstream only receives radiant heat, 
and longitudinal airflow quickly removes the heat. The spread of hot gases transmitted heat to the 
tunnel downstream, and the temperature in the region downstream rise rapidly at the early stage of the 
fire. The maximum peak temperature of monitor point 2 was reached 347 K (74 ℃) about 13 seconds 
after the fire start, thereafter the temperature remains almost constant at 338 K (65 ℃). Since this 
value is close to the acceptable temperature limit during emergencies reported in the literature (NFPA 
502), which places a physiological burden for human survival. 
 Carbon monoxide concentration 
With regard to the survival of tunnel users in the case of the fire, the result shows the concentration of 
carbon monoxide found and makes a comparison with acceptable safety criteria. The maximum peak 
mass fraction of CO at monitor point 1 is very low (4 × 10-34), while the maximum peak value of 
monitor point 2 is significantly higher (4 × 10-5), however, which both are below the limit value of the 
NFPA 502, i.e. 225 ppm for CO in 30 min exposure. The maximum value presents in a short time,  
thereafter the mass fraction value of CO drop to 4 × 10-6 and remained almost constant, which is safe 
for human escape.  
 Smoke concentration 
The mass fraction of smoke concentration in the region upstream is very low, while the mass fraction 
of smoke concentration in the tunnel downstream is much higher. The maximum value of the smoke 
mass fraction at monitor point 2 was reached 4 × 10-5. After 20 s from the start of the fire, it remained 
the value of 5 × 10-6. According to NFPA 502, the visibility distance must be higher than the 
minimum required 10 m for reading the signs in fire scenario. But the smoke concentration in the 
beginning of the fire became so high that it allow one to discern signs at a distance of 8.58 m.  
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INTRODUCTION 
U-Threat is a Franco-German project funded by national research agencies (France: ANR, Germany: 
BMBF). The goal of the research project is to increase the resilience of underground transport, 
notably by improving incident preparedness, the appliance of degraded operating modes quickly after 
an incident and the return to normal operating conditions. Three main fields of work were identified: 
operation, structures and users. Amongst the topics of study a lack of knowledge on user evacuation 
from a train in a metro tunnel was identified, whereas a lot of projects and studies have addressed 
evacuation from station platforms. Based on an analysis of security and safety-related threats, fire was 
identified as the main issue for train evacuation in a tunnel. For instance, in France, between 2008 and 
2015, 35 fires started on or in a train in a tunnel.    
With the agreement of U-Threat partners, CETU launched a specific study in order to analyse this 
issue. The study is based on 3D modelling of scenarios. It main goal was to improve the operational 
procedures and equipment related to the evacuation of users from a train on fire in a tunnel. 
Various hypotheses and the methodology used to choose and analyse the scenarios are presented 
through examples. The results are then presented, notably in term of evacuation and ventilation 
management procedures.    
  
HYPOTHESES 
The hypotheses used in the study were discussed amongst the partners and are based on feedback 
from German and French transport networks and current practices. Five tunnel configurations were 
considered with variants in cross section, traffic direction and pedestrian amenities. For example, two 
rectangular, bidirectional tunnels without ventilation were studied (one with walkways, another 
without). The rolling stock taken into account had four carriages without the possibility of passing 
from one carriage to another. The trains had three lateral doors per carriage except for the tunnel 
configuration without walkways for which the rolling stock was different. Three fire sizes were 
considered: 2 MW, 5 MW and 10 MW. Related fire curves and kinetic propagation were set up. A 
procedure timeline was defined with a detection and identification phase and an actions phase. Two 
different ventilation activation times were considered: 4min and 10 min (in certain current procedures, 
this activation is subject to verifications). Two users’ behaviours were considered. In the first case, 
users go away from the fire without passing in front of it and, in the second, they do until  certain 
conditions are reached (e.g t°>60°C). Many other hypotheses including sensitivity ones related to user 
evacuation were defined, for example evacuation starting time (e.g 3 min) ; passage through the door: 
0,3 pers/s/m-door-width; 7,5 seconds to reach the walkway when it is one metre lower than the train 
floor; walking speed (e.g 0,3 m when visibility  ≤ 2 m), impact of the fire on users’ capacity to 
evacuate (e.g users unable to move when the value of 1 for Fractional Effective Dose is reached).  
 
METHODOLOGY AND ANALYSIS OF SCENARIOS 
The methodology applied to choose and analyse scenarios was based on a step-by-step principle. A 
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first set of scenarios was chosen and then modelled in 3 dimensions by ENALOS. Then, this set was 
analysed by the CETU which proposed sensitivity studies and a next set of scenarios based on the 
analysis results. The graphs and videos produced were shared with KEOLYS Lyon, STUVA and 
RUB University. The analyses and proposals were also discussed with them. Three sets of scenarios 
were studied that represent around 30 cases.   
As an example of this process, the context of the first set of scenarios is illustrated in Figure 1 
 
 
 
 
 
 
 
 
 
Scenario 1 involved a bidirectional rectangular section of tunnel with a walkway and without 
ventilation. Consistently with current procedures and network characteristics, the doors are only 
opened on the walkway side and the walkway is between the wall and the carriage. Scenario 2 was 
related to the same cross section but without a walkway, so users evacuate throughout the two front 
doors of each carriage and walk between the rails of the other metro direction. Surprisingly, in 
scenario 2, the number of users unable to move due to high temperatures or toxic fumes was around 
60% lower than in scenario 1 whereas the evacuation route characteristics are supposedly designed to 
be better in scenario 1.    
In the second set of scenarios, a scenario was defined with similar characteristics to scenario1, except 
that users are also allowed to evacuate between the rails of the other metro direction. The number of 
users unable to move decreased by more than 70%. A close analysis showed that it is because 
temperature and toxicity conditions are far worse on the walkway side where the space between 
carriages and the wall is more confined than between the rails of the other metro direction.  
 
RESULTS IN A NUTSHELL  
 
The analysis of scenarios has given unexpected results that have led to consider significant 
modifications of evacuation procedures, especially the route to be used by users in order to evacuate.   
Current procedures generally imply verifications and hierarchical validation which could delay 
equipment action and the start of user evacuation, whereas modelling has shown that these delays 
significantly increase the number of users unable to move. It is therefore recommended that operators 
and drivers conduct the following tasks as quickly as possible: detect the fire and its location on the 
train, activate ventilation, manage metro traffic so that no train goes into the tunnel, shut down 
electricity where it could electrocute users during evacuation, apply evacuation procedures.  
Concerning ventilation management, the modelling based on the current systems (mainly extraction 
systems in each station that allow the control of air flow in the tunnel to a certain extent) showed that 
equipment should be activated as soon as possible. Ventilation should be adapted to the train location 
and the location of the fire on the train. The obvious case is when the fire is at extremity “B” of the 
train, where air flow should be pushed from extremity “A” to extremity “B” so that all users evacuate 
safely toward stations on extremity “A” side.   
Concerning user evacuation, when there are two traffic directions per tube, the door should be opened 
only on the side near to the other traffic direction, so that users evacuate between the rails of the other 
direction or on a central walkway. In existing tunnels, the area between the rails should be slightly 
refurbished in order to provide an obstacle-free space with a width of at least 70 cm . In new tunnels, 
instead of building two walkways near the walls, only one could be built in the centre of the tube 
between the two traffic directions.  When there is only one traffic direction per tube and a walkway at 
the same height as the train floor, it is recommended to ask users to climb down from the walkway 
and to walk along the tunnel between the rails. 
To enhance these two main measures, it is recommended to improve tunnel equipment, for example 
fire detectors in the tunnel and on the train, light and sound signals to guide users and mobile phone 

Figure 1 context of the first set of scenarios 
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applications to alert and inform them.  
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BACKGROUND 
Sweden has high ambitions to soon become a fossil-free country. This affects the entire society, 
including mining, road infrastructure and the transport sector. At the same time, a large amount of 
tunnel construction projects are ongoing or planned. For work in tunnels and mines, the Swedish 
Work Environment Authority's regulations for rock and mining work apply (AFS 2010:1). Section 15 
states that: “Gasoline, ethanol or gas must not be used as fuel for internal combustion engines. 
Emergency vehicles may be petrol-, ethanol- or gas-powered.” 
 
An electrification of society is ongoing. Swedish mines are often long-term workplaces with good 
supply of electricity. For tunnels under construction (tunneling), the situation is the opposite; a 
temporary workplace with limited supply of electricity. This means that a considerable electrification 
of the work will be very difficult to implement. For work machines that are used underground, there 
are currently no alternatives to diesel-powered machines on the market to await. For trucks, however, 
there are several alternatives to diesel on the market. To and from construction tunnels, a large 
amount of material is transported, such as rock, stone, gravel and ballast. Part of the transport work 
can be carried out by train or barge, but it is still usually required a truck transport at each end of the 
train or barge set. Synthetic diesel (HVO100) or Biodiesel B100 (FAME/RME) could be used as a 
fuel, but there will probably not be a sufficient amount of HVO100 to buy at a commercially 
reasonable price. When it comes to Biodiesel B100, this product has a lower sustainability. 
 
At the moment it seems difficult to reach the political ambitions of a fossil-free society without using 
methane (i.e. biogas) or diesel ethanol (ED95) in underground work. In order to achieve the goal to 
become fossil-free, AFS 2010:1 must be compatible with goals and ambitions for fossil-free transport. 
 
Therefore, a consortium led by City of Stockholm funded a study [1] aimed to: 

• Map studies and regulations nationally and internationally with regard to fuel and 
underground work safety. 

• Qualitatively analyze the risk-difference between the conventional diesel fuel and the 
alternative fuels ethanol and methane for trucks in tunnels under construction. 

• Provide recommendations for how alternative fuels can be regulated for underground work. 
 
INTRODUCTION 
In general, vehicle fuels involve some form of fire or explosion risk. Liquid fuels, such as diesel and 
ethanol, as well as gaseous fuels such as methane can leak and ignite, for example on hot surfaces. At 
temperatures above the flash point of the substance, explosive mixtures with air can form during 
leakage and lack of ventilation. A pressure vessel explosion may occur for gases stored under high 
pressure, e.g. compressed methane, if the container is weakened by a fire. However, vehicle fuel risks 
should not be exaggerated. Given the extent to which vehicles are used, it can be stated that there are 
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relatively few accidents related to vehicle fuels. At the same time, fire is an unusual scenario in 
construction tunnels and there is no evidence that the fires that have occurred in Swedish construction 
tunnels have led to any major damages. Contributing factors are a very long tradition of vehicle 
development and a comprehensive regulatory framework for both the working environment, vehicle 
design and vehicle usage. Practically all international regulation that was found prohibit the use of 
methanol and ethanol during underground work.  
 
RISK ANALYSIS 
The aim of the risk analysis was to show whether ethanol and methane gas trucks carry higher risks 
than diesel trucks and if these risks can be reduced or completely avoided. The work was intended to 
be a basis for further decisions on how work in working tunnels and underground can become fossil-
free. If methane or ethanol were to be used instead of and compared to diesel as a fuel in construction 
tunnels, this gives another risk picture: 

• Ethanol (ED95) causes an increased risk of accumulation of fuel vapours in low points. This 
risk can be controlled by detectors and leak control. The risk of ethanol vapor accumulation 
also decreases with increased ventilation. 

• Compressed biogas (CBG) gives an increased risk of jet flame and pressure vessel explosion 
during fire. The risk can be controlled by entry control (gas sniffers and heat detectors). 

• Liquid biogas (LBG) has a smaller or comparable risk with diesel for all identified scenarios. 
The risk of boil-off venting in the work tunnel can be handled by vehicle usage routines. 

 
DISCUSSION 
The choice of fuel for trucks in tunnels under construction is a decision problem where the risk 
associated with different propellants in one wave bowl is weighed against the advantages of each 
propellant, for example climate and environmental gains, in the second wave bowl. In the first bowl, 
there is a small but not insignificant risk, which, however, can be managed and controlled. In the 
second bowl, there are risks such as serious health problems linked to air quality and the overall 
climate impact from greenhouse gas emissions. Given the challenges society faces and based on the 
risks and technologies that are handled today, it is argued that it is possible to make work in tunnels 
under construction safe also with methane or ethanol, with an adaptation to the new risk picture. 
 
The EU directives that are incorporated in AFS 2010:1 apply to the mining industry and not for 
tunnelling. There are also major differences that provide different conditions for electrification. Mines 
and work tunnels could thus be treated differently. At the same time, society is changing more and 
more rapidly, which means that detailed regulations that prohibit or allow certain fuels can quickly 
become outdated. It is recommended that section 15 is replaced with a functional requirement with the 
objective that the working environment, when using vehicles, is safe. The risk picture that utilized 
energy sources entails should be considered. 
 
To change health and working regulation is not an easy task. Given the long international tradition to 
prohibit these fuels in underground work, allowing for renewable fuels, despite low risk and obvious 
benefits, in underground work seem to be a distant utopia. 
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INTRODUCTION 
E4 The Stockholm bypass will be a new road link west of Stockholm, connecting the southern and 
northern parts of the Stockholm county. It will be a new route for the European highway (E4) past the 
Swedish capital. It will be approximately 21 km in length, and just over 18 km of the 21 km are in 
tunnels. Research has shown that factors such as anxiety, boredom and impaired vigilance are 
considered common in long road tunnels [1]. Tunnel design and illumination have the potential to 
influence driver behaviour positively but only as long as it does not take away the visual attention 
given to the driving task [2]. Therefore, E4 The Stockholm bypass project has an aesthetic design 
program where architects and different specialists (e.g. lighting, Human Factors etc.) have worked 
together to create a tunnel that is both inviting and safe to drive. To make sure that these goals are 
achieved, the different designs of the tunnel aesthetics have been evaluated from a safety and Human 
Factors perspective using both driving simulators, virtual models and independent expert evaluators. 
This work has been ongoing for several years and this poster presents the process and outcomes of 
this work. 
 
LIGHTING DESIGN EVALUATION 
Different parts of the tunnel design has been evaluated during the project. This specific evaluation 
was performed as a driving simulator study [3] by the Swedish National Road and Transport Research 
Institute (VTI) where participants drove in a simulated tunnel environment based on the blueprints of 
the Stockholm bypass tunnels (figure 1). The purpose was to evaluate what influence the tunnel 
design concept (especially a new unique lighting design concept) had on drowsiness, stimulance, 
distraction and perceived safety during driving. It was concluded that the lighting concept did not 
seem to have a negative impact on driving safety but rather increasing safety by breaking the 
monotony of long tunnel driving. 
 

   
Figure 1. Lighting concept and driving simulator 
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AESTETIC DESIGN EVALUATION 
Besides the lighting concept, the main aesthetic design features of the tunnels are the areas around the 
five underground exits in the tunnel. For the design of these areas the project held a design 
competition where designers, artists and architects where invited to create environments with the 
purpose of: 

- working as landmarks for driver orientation and breaking driving monotony 
- provide a sense of safety 
- making the tunnel attractive and interesting 

The submittied proposals where then evaluated by architects and Human Factors specialists at the 
Swedish Transport Administration as well as members of the the Swedish Public Art Agency.  
 
Out of all submitted proposals, five design concepts were selected. In order to be able to make a more 
in-depth Human Factors evaluation of the concepts virtual environments (figure 2) were created 
where it was possible to travel in the tunnel and experience the design concepts at different speeds and 
from different angles. Using these virtual environments, an evaluation using independent Human 
Factors experts was performed to assess the different concepts in terms of safety [4]. This included a 
general opinion about the concept and more detailed analyses of the choice of colours, light intensity, 
level of detail etc. Four experts participated in separate in-depth interviews and the results from these 
interviews where translated into change requirements that the artists and architects had to comply with 
in order for the design to be considered acceptable from a Human Factors perspective. 
 

  
Figure 2. Examples of design concepts 
 
DISCUSSION 
The extensive duration of a major project such as E4 The Stockholm bypass is usually problematic for 
the evaluation of design features such as lighting design and aesthetics, since they are installed late 
and the possibilities for evaluation and alterations are limited. By introducing a proactive Human 
Factors approach it is possible to identify risks and evaluate different solutions at an early stage. By 
using virtual environments it has been possible to evaluate and improve the aesthetics and design of 
the tunnel in terms of safety and use this as input to the project for example in the procurement work. 
However, a simulated environment is not the same as a finished tunnel, so there is still a step 
remaining in validating and fine tuning variables such as lighting intensity, colours and level of detail 
when the work in the tunnels are completed. 
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INTRODUCTION 
Extra-long metro tunnels are becoming more common because of advances in tunnel construction and 
the increasing demand for public transport. According to the guidelines for design of highway tunnel 
(China), an extra-long tunnel with a length of more than 3 km[1]. However, as tunnel lengths 
increase, new challenges in fire safety arise. Owing to the special structure of tunnels, when a fire 
occurs, smoke spreads rapidly and extensively, which prohibits occupants from safely evacuating the 
tunnel and firefighters from extinguishing the fire. In most tunnels, the ventilation system plays a 
decisive role in controlling the smoke and maintaining acceptable conditions within the tunnel during 
evacuation, rescue, and firefighting procedures[2]. The world community was awakening after a 
sequence of disastrous accidents related to fires in several tunnels. Accordingly, new safety rules and 
regulations were formulated internationally and nationally. In this connection, many developed 
countries strive for practical solutions to renovate the infrastructure of the existing tunnel that could 
now be considered perilous. Longitudinal ventilation is a commonly used ventilation method in metro 
tunnel fires in terms of economic and safety considerations. An increasing number of long tunnels 
have been developed with the rapid development of metro system. However, the study on longitudinal 
ventilation in long tunnel fires is rarely reported. Moreover, a substantial number of well-known 
research reported that the quality of studies related to the optimal distance between jet fans in an 
extra-long tunnel remains inadequate to date. At present, design codes indicate that jet fans should be 
installed in long tunnels. Nevertheless, no detailed prescription is provided on the number of jet fans 
that should be installed. Few jet fans will reduce investment but increase fire risk. By contrast, 
considerable jet fans will increase investment but reduce fire risk. The primary fire safety question of 
the mechanism by which to balance investment and fire risk has become a difficult problem for 
designers. 
 
MATERIAL AND CONDITIONING 
We used a Fire Dynamic Simulator (FDS) to optimize jet fan spacing in an extra-long tunnel, namely, 
Zhong Liangshan Tunnel Line 1, in Chongqing, China under longitudinal velocity. The tunnel chosen 
for this study (Zhong Liangshan) is a straight, two-lane, one-directional tunnel 4.3 km in length and 
60.43 m2 in cross-section. Its maximum cross-sectional height and width are 7.40 and 9.60 m, 
respectively. The analyzed model tunnels were 500, 550, and 600 m in length with cross-sectional 
areas of 30.72 m2. The jet fans were elevated 5.60 m from the floor at different spacings, namely, 
100, 150, and 200 m. A 5 MW fire burned at 200, 175, and 150 m from the tunnel entrance. We 
simulated five scenarios by using FDS software, compared the airflow velocity and temperature 
curves, and briefly investigated the effect of the length of an extra-long tunnel. The development of 
the Chinese metro system has led to the production of increasingly long tunnels. However, the main 
considerations of the current study are the generated air velocity and the fan activation sequence. The 
system must generate sufficient longitudinal air velocity to prevent smoke back-layering, and the air 
velocity necessary to prevent back-layering is the minimum velocity required for smoke control in a 
longitudinal ventilation system. This velocity is known as critical velocity. In terms of air supply, the 
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choice of a critical velocity or a low velocity supply remains controversial. The latter is the minimum 
velocity at which smoke is prevented from spreading against the longitudinal tunnel ventilation flow. 
In this study, the value of minimum longitudinal velocity is calculated by [3] and selected to be 2 m/s 
(i.e., the worst-case scenario). 
 
INSTRUMENTATION AND FIRE TESTS 
The experiment was conducted in a small-scale model tunnel with a scale ratio of 1:15 by applying 
the Froude scaling method. The tunnel was 11 m long, 0.32 m wide, and 0.48 m high. The floor, 
ceiling, and one of the walls were made of fireproof board, and the other (front) wall was made of 
reinforced glass to allow for observation of smoke behaviors. Longitudinal ventilation was generated 
by a mechanical fan positioned at one end of the model tunnel. The amount of air could be adjusted 
by continuously changing the frequency of the fan to control the flow velocity in the tunnel. A series 
of tubules 0.6 m long was fixed close to the fan to facilitate constant ventilation flow. The other end 
of the tunnel was fully open. Three jet fans 0.07 m in diameter and 0.14 m on length were installed in 
the model, with horizontal spacings of about 4.0 m and located 0.11 m under the ceiling. Fan velocity 
was measured before the fire test using an anemometer; the axial velocity was 2.20 m/s. Initial 
temperature was set to 20 °C. The simulation was run for up to 300 s, and the last 50 s of data were 
averaged. The fire source was placed 3.5 m from the tunnel entrance, and liquefied petroleum gas was 
used as fuel. To measure ceiling temperatures, thermocouples were fixed 0.07 m below the ceiling 
along the centerline. In total, 36 hot-wire thermocouples 1 mm in diameter were placed at 0.30 m 
intervals and connected to an Agilent 34980A data acquisition computer.  
 
ADDITIONAL TESTING 
To verify the performance of the model, we used FDS to develop another small model and matched 
this model to an experimental model tunnel with the same cross-section, length, scale, and boundary 
conditions. A comparison of the simulated and experimental data on the horizontal temperature 
distribution and velocity generated by the jet fan (symmetrically with other fans, i.e., the distance 
between them is equal). Thus, the FDS results accurately predicted the temperature associated with a 
clearly defined situation after the definition of an appropriate grid resolution and acceptable boundary 
conditions. In general, the numerical and model-scale test data on temperature and velocity 
distribution were consistent. Finally, the FDS data showed that our model can be used to determine 
the optimal spacing between jet fans when formulating a ventilation strategy. 
 
DISCUSSION 
To ensure a high level of safety and safe evacuation when a fire breaks out in a long tunnel, we used 
numerical models to study the effects of jet fans at different spacings in both the temperature and 
velocity domains. The distances tested were 100, 150, and 200 m. We compared five scenarios in 
terms of velocity and temperature behaviors. The optimal jet fan spacing revealed by the FDS 
approach was 200 m. Numerically, the farther apart the fans, the higher the air velocity and the lower 
the temperature. We experimentally tested this finding and verified the temperature and velocity 
curves using data from a reduced-scale model. The numerical results agreed relatively well with the 
experimental results. We found that a fan spacing of 200 m was appropriate. This will reduce the 
number of fans required, saving energy and capital costs, and improving economic returns. 
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