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ABSTRACT 
 
The report includes the Proceedings of the International Symposium on Catastrophic 
Tunnel Fires held in Borås, Sweden, 20 – 21 of November 2003.  It provides unique data 
from the large-scale tests performed in the Runehamar Tunnel 2003 under leadership of 
SP in co-operation with TNO in the Netherlands and SINTEF in Norway. It also includes 
presentations of various catastrophic tunnel fires, rescue and fire fighting in tunnels and 
passive and active fire protection of tunnels. The European research project UPTUN and 
the new EU regulations for road tunnels are presented as well. Over 200 people from over 
20 countries attended this symposium.  
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PREFACE 
  
Recent catastrophic tunnel fires (CTFs) in Europe have placed a focus on fire safety 
issues concerning road and rail tunnels.  Several key factors have played an important 
role in the growth of the CTFs in Europe.  In road tunnels the high fire load represented 
by the many Heavy Goods Vehicles (HGVs) involved has been instrumental to the 
catastrophic outcome.  Fires in flammable HGV goods develop very quickly.  In metro 
systems, however, the high density of people evacuating the scene, in combination with 
the fast fire spread between coaches, has been most important. Another important factor 
is the relationship between ventilation and the spread of the fire and rapid evolution of 
smoke which surprises people who are unable to escape in time.  Finally, the rescue 
services have great difficulty fighting the fire ― vision is obscured by smoke, and the 
enormous heat levels prevent fire fighters from getting to the seat of the fire, even when 
the smoke has been ventilated away.  No active fire protections systems such as sprinkler 
or water mist systems were involved in these fires.  The need for a symposium dealing 
with all these aspects was therefore apparent.  
 
The presentations given at the symposium are provided in these proceedings. These 
proceedings provide a unique opportunity to read about the latest information on the heat 
release rates and smoke development from burning cargoes in HGVs, and on the resulting 
effects on the tunnel lining. The proceedings also include a description of recent catas-
trophic tunnel fires and the problems of escape and fighting these fires. Novel fire 
suppression technologies and protection of linings for tunnel fires are featured and the 
European research project UPTUN and the new EU regulations are presented.  
 
We wish to acknowledge our colleagues at TNO (The Netherlands) and SINTEF 
(Norway) for the co-operation in performing the large-scale tunnel tests in Runehamar 
tunnel together with  Promat International (Belgium), Gerco (The Netherlands), B I G 
Innovative/Tempest (Germany) and the Norwegian Road Administration. The Runehamar 
tests were funded by a consortium consisting of the above partners together with The 
Swedish Road Administration, the Swedish Rail Administration, the Swedish Rescue 
Services Agency, the Swedish Fire Research Board and the European Commission 
through the UPTUN project. 
 
We hope that this information will provide regulators, designers, builders, researchers and 
even users of tunnels with an understanding of the reasons for catastrophic tunnel fires in 
the past and tools to prevent them or reduce their impact in the future. Much work has 
been done but many questions remain. Future research should resolve further issues 
related to active and passive fire protection, detection, and fire fighting and evacuation 
procedures. Finally, we hope research efforts will expand to include the construction 
phase of tunnels as this presents slightly different issues that have not been thoroughly 
investigated as yet. 
 
 
Haukur Ingason 
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Catastrophic Tunnel Fires –  
What have we learnt? 

 
 

Alfred Haack 
STUVA,  

Cologne, Germany 
 

 
STARTING SITUATION 
 
A modern industrial society requires an efficient and reliable transportation infrastructure. 
This applies to road as well as rail.  
 
The construction and operation of efficient transportation tunnels is increasingly being 
called for to ensure that traffic can flow speedily without hold-ups. This is by no means a 
new insight. After all, the first European rail tunnels were built more than 150 years ago 
and the first Underground systems towards the end of the 19th century. The high-speed 
rail routes (Fig. 1) and inner urban commuter rail systems, which are being constructed in 
our age, above all require a high percentage of underground alignment. Giving an 
example around 600 km of tunnel for Underground, rapid transit and urban railways with 
a total of around 500 subsurface stations are operated in Germany at present alongside 
around 450 km of main line tunnels and roughly 150 km of road tunnels [2]. 
 

 
 
 Fig. 1: ICE travelling out of a tunnel 
 
The overall length for operational transportation tunnels throughout the whole of Europe 
currently is well in excess of 15,000 km. 
 
It goes without saying that high safety and reliable availability are essential for such 
tunnels. This particularly applies to fire incidents in tunnels, which unfortunately cannot 
be excluded entirely. Such fires are characterised by the danger they pose to the persons 
affected and also in many cases by the considerable extent of damage they cause (Fig. 2). 
Serious cases of fire accidents resulting in persons being hurt or killed are e.g. known 
from Azerbaijan, the UK, France, Italy, Japan, Canada, Austria and the USA. A number 
of major fires have also occurred in Germany as well. In this connection, the confined 
space available which made escape and rescue conditions even more difficult was of 
particular significance for the consequences. 
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Fig. 2:  Hamburg’s Moorfleet Tunnel on the federal motorway  
following the lorry fire in 1968 

 
 
RECENT CATASTROPHIC TUNNEL FIRES 
 
Fire incidents in tunnels immediately catch the public's attention and this is quite natural. 
The media report at length in particular when people come to harm. The disastrous 
London Underground fire at the Kings Cross Underground station in November 1987, 
which cost 31 persons their lives and the catastrophic outcome of the Baku Underground 
fire (Azerbaijan) in October 1995 resulting in 289 deaths, are mentioned as examples. 
The Channel Tunnel fire between the UK and France on Nov. 18, 1996 (Fig. 3), where 
fortunately all the tunnel users escaped with their lives as well as the 2 terrible fires in 
road tunnels on March 24, 1999 below Mont Blanc in France [2-4] and on May 29, 1999 
beneath the Tauern range in Austria, resulting in 39 and 12 deaths respectively, had also 
serious consequences. 
 

 
 

Fig. 3:  Burnt out lorry transporter in the Channel Tunnel  
between the UK and France (fire incident on Nov. 18, 1996) 

 



International Symposium on Catastrophic Tunnel Fires (CTF), Borås, Sweden, November 20 – 21, 2003 
 
 
 
 

 9

The 11.6 km long Mont Blanc Tunnel was opened for traffic in 1965. At the time of the 
accident, its ventilation and safety concept thus corresponded to design standards of 40 
years ago. As in the case of all longer trans-Alpine tunnels, the Mont Blanc is operated on 
a bi-directional basis. Until March 1999, it was run by 2 national companies, one French, 
the other Italian. Table 1 displays the development of traffic for the Mont Blanc Tunnel 
since it was opened. 
 

Table 1:  Development of traffic in the Mont Blanc Tunnel since 
it opened in 1965 until 1998 [4]   

Type of vehicle 1966 1998 
Cars x 103 503 (92 %) 444 (36 %) 
Lorries x 103 45 (8 %) 777 (64 %) 
Total vehicles x 103 548 1221 

 
The tunnel was equipped with accident bays set 300 m apart and with 18 safety chambers 
at 600 m gaps. These chambers were provided with fresh air and constructed to withstand 
the effects of a fire for roughly 2 h. Seventeen fires have occurred in the tunnel since 
1965, 5 of which required the fire brigade on the scene. In 4 of these cases, a heated-up 
engine was determined as the cause of the fire. There was not a single incidence of the 
fire spreading to neighbouring vehicles. 
 
On March 24, 1999, a refrigerator lorry carrying 9 t of margarine and 12 t of flour caught 
fire. It was coming from France and stopped at station 6,700 m. A fully-fledged fire soon 
developed, which spread to involve 23 lorries and 10 cars (Fig. 4). 
 

 
 

Fig. 4:  Burnt out lorry in the Mont Blanc Tunnel  
(fire incident on March 24, 1999) 

 
The fire lasted a total of 53 h. 29 of the 39 dead were found in their vehicles, 9 in the 
tunnel or in the safety chambers which did not afford sufficient protection. One fire 
officer died as a result of the injuries he received. 
 
Only some 2 months later, a further terrible fire occurred in the 6,400 m long Tauern 
Tunnel on May 29, 1999. This tunnel is also operated bi-directionally. It is fitted with 30 
emergency call bays set 212 m apart, 61 fire extinguishing bays every 106 m and a total 
of 7 breakdown bays every 750 m. In 1998, this tunnel had to cope with 5.55 million 
vehicles. Including almost 1.05 million lorries (= 19 %). This corresponds to an average 
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daily frequency of 15,160 vehicles, including 2,850 lorries in both directions. At the time 
of the accident, there was a construction site in the tunnel with signal lights regulating 
traffic, which was confined to a single lane. A lorry travelling from the south drove into 
the end of the tailback at high speed and pushed 4 cars under the lorry stopped in front of 
them. This incident cost 8 lives and resulted in the lorry catching fire. Attempts to extin-
guish the blaze were unsuccessful. As a result, the flames spread to a lorry carrying a 
variety of goods. Its load included aerosols containing hair spray. Altogether, 14 lorries 
and 26 cars were destroyed by the conflagration. Apart from the 12 dead, 49 others were 
injured. 
 
More fire catastrophies with fatal exit occurred on 6.8.2001 in the 8.3 km long single tube 
Gleinalm Tunnel in Austria and on 24.10.2001 in the nearly 17 km - again single tube - 
Gotthard Tunnel in Switzerland. In both cases the origin of the fire has been a head-on 
collision in the tunnels with bi-directional traffic. In the first case a car hit an oncoming 
mini bus because the driver was diverted by a squabble between his two children on the 
rear seats. Both vehicles caught immediately fire and five persons of the mini bus lost 
their lives. In the Gotthard Tunnel the accident started probably because of severe alcohol 
abuse of a truck driver. That truck driver lost control of his vehicle, drove snaky and 
crashed into an oncoming lorry. Both trucks started burning directly (Fig. 5). The fire 
grew extremely fast causing tremendous masses of smoke because of the highly energetic 
fire loads. One truck was loaded with tyres, the other with plastic material. At the end 11 
tunnel users died and 13 trucks, 4 vans as well as 6 cars burnt down. The intermediate 
ceiling separating the ventilation canals from the traffic space collapsed over a section of 
200 to 250 m (Fig. 6). For the re-opening of the tunnel 2 months after the fire the ventila-
tion system was improved by enlargement of the extraction openings in the intermediate 
ceiling. These openings are equipped with remote controlled flaps. It is one of the tragic 
aspects linked with this accident that the improving works on the ventilation system were 
already started before the fire occurred, but not yet finished at the time of accident.  
 

 
 

Fig. 5: Burning lorries in the Swiss Gotthard Tunnel on October 24, 2001 
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Fig. 6:  Sectionally collapsed false ceiling in the Gotthard Tunnel  
after the fire of October 24, 2001 

 
The most recent and especially tragic tunnel fire accident happened on 18.2.2003 in 
Daegu, South Korea. A mentally disturbed man threw a bottle filled with gasoline into a 
stopped car and thereby ignited the fire. About 200 passengers of that train and the oppo-
site train just arriving in the underground station lost their lifes. 
 
 
THE EFFECTS OF FIRE 

 
Serious fires not only endanger persons to a high extent and often result in the total loss 
of the vehicles involved, they also frequently cause extensive damage to the tunnel 
facilities. This is primarily due (Fig. 7) to the rapid and extreme development of heat in 
conjunction with, in some cases, widespread spalling of the concrete close to the surface 
but also due to aggressive fire gases. Although so far such fires have not affected the 
stability of the tunnel section concerned, it can always be assumed that the tunnel cannot 
be operated for weeks or even months on end, on account of the repair measures which 
are necessary. The Tauern Tunnel for example, was out of commission from May 29, 
1999, when the fire took place until the end of August that year - all of 3 months. In the 
case of the Mont Blanc Tunnel, the period of closure amounted to nearly 3 years not only 
because of the tremendous repair work but also because of extensive modernising and 
updating of all the equipment and the escape and rescue concept, and last but not least 
also on account of the lengthy investigations undertaken by the public prosecutor's office. 
The Gotthard tunnel was re-opened with some restrictions for the truck traffic shortly 
before Christmas 2001 after a 2 months repair period. After the Eurotunnel fire the 
downtime generally was 6 months, for freight traffic even 7 months resulting together 
with repair cost to a financial damage of roughly 300 Million Euro [7]. 
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Fig. 7: Fire dimensioning curves currently applied in various European countries 
 

The consequences of such operating hold-ups should not be underestimated. The closure 
of important tunnels or tunnel sections for weeks or months on end inevitably leads in the 
case of inner urban tunnels to considerable disturbances to traffic in densely populated 
city areas or when it comes to tunnels on busy transit routes such as the Mont Blanc 
Tunnel, where the alternatives are, by and large, only the Fréjus Tunnel further to the 
west or the Alpine passes. Both situations lead to added traffic congestion and in turn, to 
a further rise in accident risks. 
 
 
FIRE PROTECTION MEASURES 
 
As a result of the recent fire disasters, experts are discussing issues relating to the basic 
appraisal of existing safety standards in tunnels. At stake are preventative constructional 
as well as operational protection measures together with those designed to combat fire. 
 
Preventative constructional measures initially embrace the choice of suitable materials 
to be used. In this regard, concrete can be classified as a material with a high fire safety 
factor. It in no way contributes to the fire load. If anything, the problems affecting this 
material relate to explosion-like spalling occurring on the affected surface in the event of 
rapidly rising, high temperatures (Fig. 7). Such spalling endangers both tunnel users 
attempting to escape as well as the rescue and extinguishing crews rushing to help. In 
individual cases, the spalling reached considerable depths of a number of decimetres so 
that the inner reinforcement was exposed and overheated (please see Figs. 2 + 3). When 
pre-stressed concrete structures are involved, this can also lead to the pre-stressing 
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elements becoming completely detached (Fig. 2) resulting in a total loss of the carrying 
capacity. Recently a more fire resistant concrete has been developed by adding special 
plastic fibres and basalt aggregates with a diameter range from 16 to 32 mm. These are 
important steps towards significantly reducing the spalling effect (see Figs. 8 + 9). 
Several recent papers report about successful research in this direction [7, 8].  
 
 

 
 

Fig. 8:  Fire test with recently developed fire proof  
concrete at the TU Braunschweig, Germany  
under a fire load of 1200 °C over more than  
90 minutes 

 

 
 

Fig. 9: Nearly no spalling effects after the test according to Fig. 8 
 
The geometrical design of the tunnel cross-section, the installation of the intermediate 
ceiling for separating the air intake and outlet channels above the carriageway zone and in 
particular, their side abutment and in many cases, fire protection linings specially set up 
in the wall and ceiling zones [9] in the case of road tunnels or in the case of subsurface 
stations in underground public transport systems are all numbered among preventative 
constructional fire protection measures.  
 
Another preventative measure being discussed quite often in the last years is the installa-
tion of automatic deluge systems in traffic tunnels. This is prescribed in Japan as a 
consequence of the Nihonzaka Tunnel fire on 11.7.1979 for all road tunnels longer than 
10 km or tunnels with more than 3 km length and high traffic density (Fig. 10). In Europe 
and in North America up to now only very few applications can be found. The latest 
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development of high pressure mist systems is very much promising in this direction. 
Without any doubt those installations can significantly contribute to avoid a spreading of 
fire to queuing cars behind the place of original fire. But, on the other hand the installa-
tion of those technical systems raise quite a lot of additional questions. They concern 
especially the problems with immediate destratification of the smoke connected with a 
significant deterioration of escape conditions, the production of masses of (hot) vapour in 
addition to the smoke, the possible incompatability with special types of loading as for 
example the catastrophic fire of Enschede in The Netherlands indicated on May 13, 2000. 
Last but not least the question arises about the sufficient function of the whole system 
(control, pipes, pumps, nozzles) at any time despite the extremely hard environmental 
conditions in a tunnel year in, year out.  
 

 
 

Fig. 10: Automatic deluge system activated in a Japanese tunnel 
 
Other problems at present are still linked with the control of time and location of 
activating the system and depending on the system with the adequate reservation or 
delivery of extinguishing water. Against this background an internationally organised test 
programme is needed. Corresponding discussions and planning on a multinational test 
site and fire research center in Europe have started in 1999 and are still ongoing. Before 
installing deluge systems in a big style such a comprehensive test programme should have 
been conducted to prevent large amounts of public money from being invested in a wrong 
or not sufficient enough direction.  
 
In the case of road tunnels, operational fire protection primarily relates to mechanised 
ventilation including its operating concept. In modern tunnels, these are geared to 
extreme traffic situations with high traffic densities and above all, to vehicle fires in the 
tunnel. Control is carried out either manually or automatically, triggered by correspond-
ing fire alarm systems. Both versions have their pros and cons. Manual control enables 
the existing tunnel control room to act in accordance with the situation shown by the tele-
vision cameras. It goes without saying that as in the case of all processes controlled by 
man, excessively slow reactions and misinterpretations of the development of the fire 
cannot be excluded. Automatic systems are devised in advance for certain scenarios at the 
planning stage and in some cases, exclude necessary adjustments designed to support 
escape and rescue actions. Against this background, it appears wise to use systems, which 
combine both types of control. 
 
The way in which a vehicle is constructed also plays its part in operational fire protection. 
The use of materials, which are not easily combustible especially for the interior, is 
essential as well as fire-retarding zones, overheating displays and the like. The carrying of 
manual fire extinguishers aboard rail cars and railway carriages as well as in the driver's 
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cab of lorries and on buses continues to belong to operational fire protection measures. 
These are supported by the setting up of hydrants or stationary water lines with hose 
connections for the speedy provision of extinguishing water, drainage with the aid of 
slotted or hollow gutters [10], the establishment of emergency bays with telephone, fire 
alarm and extinguisher in the tunnel. Last but not least, television monitoring, loud-
speaker units, radio cables and signal light systems round off modern operational fire 
protection in tunnels. 
 
All these precautions are taken into consideration and applied nowadays in the design, 
construction and operation of modern tunnel facilities. The details are regulated by RABT 
[11] and the minimum standard needed has been described by Deutsche Montan 
Technologie GmbH. Nonetheless, absolute safety in tunnel traffic can never be taken for 
granted.  
 
 
CONSIDERATIONS PERTAINING TO THE DESIGN OF FUTURE 
TRAFFIC TUNNELS 

 
The recent fire incidents being mentioned above have triggered an intensive debate 
among the general public and within expert circles [12 to 14], pertaining to just how the 
potential risk of driving through a tunnel should be generally assessed and which possible 
improvements exist for safety in tunnels. 
 
When contemplating the relevant issues, it is imperative that one should not simply con-
sider the worst conceivable situations, for example, a collision between a bus and a tank 
truck or even a passenger train and a tank train within a single-tube road or rail tunnel 
with bi-directional traffic in each case. Such incidents, which are highly improbable, 
would exclude tunnel traffic altogether if they were deemed to be the standard. They 
cannot be controlled. The consequence would be that tunnel traffic in general would be 
banned or at least, it would become extremely expensive thus signifying that tunnelling 
could no longer be financed. Everyday alleviations associated with tunnels, e.g. in road 
traffic and in turn, in the life of a big city, the foundations of modern mobility over long 
distances, watercourses and obstacles posed by mountain ranges, would disappear. 
 
It is obvious that this cannot be the objective of these deliberations. Tunnels are far rather 
an important component of and the prerequisite for a well functioning, reliable infra-
structure in a modern industrial society. Seen from this point-of-view, realistic scenarios 
are required from considerations aimed at improving safety in tunnel traffic. In this con-
nection, everything must be geared to the fact that an absolute zero risk can never be 
attained in our everyday lives.  
 
A frequently discussed question relates to the permissibility of operating a long tunnel 
with bi-directional traffic. There is no doubt that 2 parallel tunnel tubes with one-way 
traffic constitute a considerably lower potential risk on account of their better escape and 
rescue possibilities than a single tube with 2-way traffic. Notwithstanding, the demand for 
operating tunnels exclusively with directional traffic cannot generally be put forward 
without proper scrutiny of each individual case. It must be considered, for instance, that a 
10 or 15 km long tunnel with high rock overburden and a relatively low anticipated traffic 
volume cannot always be replaced in economic terms in the form of 2 parallel single 
tubes. In spite of 2-way traffic exacerbating the situation, a single-tube tunnel with an 
absolute ban on overtaking and a speed restriction of 80 km/h, which are standard 
practice, undoubtedly clearly reduces the potential risk compared with the situation 
before tunnels were built, where cars and above all, lorries were forced to use the steep 
pass routes, mostly with never-ending narrow bends, in summer and especially in winter. 
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The money required for a parallel tube can again be used more effectively to relieve a 
further pass against the background of the low traffic density scenario through a single 
tube with 2-way traffic. It is precisely this concept, which generally has been applied in 
the Alpine countries in the last 3 to 4 decades. In this connection, the building of a second 
tube was and is planned in the long term from the very outset in many cases, regardless of 
the traffic development. Thus all long tunnels crossing the Alps have so far only been 
constructed with a single tube. It goes without saying that the rescue concept in such 
tunnels is considerably enhanced if at least a parallel ventilation tunnel, which can also be 
used for escape purposes, is excavated should there not be a parallel tube designed to 
carry traffic. This situation exists at the Gotthard road tunnel in Switzerland and saved 
without any doubt many lives in connection with the fire catastrophy on 24. October 2001 
(see chapter about Recent Catastrophic Tunnel Fires). Germany's motorway tunnels 
generally have 2 tubes and provide a high safety standard in conjunction with their 
furnishing, which has to comply with RABT [11] specifications. 
 

 
CLOSING REMARKS 

 
In summing up, it should be said that safety technology in traffic tunnels has made con-
siderable progress since the Mont Blanc Tunnel was opened in 1965. Especially  to men-
tion are the lessons learnt in consequence of the catastrophic tunnel fires which occurred 
mostly during the last few years. They result from intensive international discussions 
within the international associations and institutions like PIARC (World Road 
Association), ITA ( International Tunnelling Association), UIC (Union Internationale des 
Chemins de Fer), UITP (Union Internationale des Transport Publics), UNECE (United 
Nations Economic Commission for Europe) and many of those conferences and work-
shops like this one of Borås in Sweden. 
 
It can also be stated that decisive improvements have been undertaken in vehicle con-
struction with the objective of enhanced fire protection. This is valid especially for the 
railway and mass transit sector. The good experience gained in this field should be trans-
ferred to the road sector as far as it is sensefull and as soon as possible. Nonetheless, there 
are a number of other important issues relating to improved safety concepts for traffic 
tunnels which still have to be properly clarified. Apart from tunnel furnishing, these 
include better controls for the state of a vehicle and the composition of what it is carrying. 
It is essential that all these questions are tackled jointly so that improved and harmonised 
standards for tunnel traffic safety are realised all over Europe.  
 
For more details see also [15] and http:www.stuva.de. 
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ABSTRACT 
 
In its White Paper on transport policy,1 the Commission emphasises the need to consider 
a European Directive on the harmonisation of minimum safety standards to guaran-
tee a high level of safety for the users of tunnels, particularly those in the Trans-European 
Transport Network. The fires in the Mont Blanc and Tauern tunnels in 1999 and in the 
Gotthardtunnel in 2001 demonstrated an insufficient safety level of certain road tunnels 
and have put the risks in road tunnels in the spotlight again and have called also for deci-
sions at political level. In fact, numerous road tunnels were built several decades ago. At 
that time, forecasts did not allow to envisage the considerable increase in the traffic 
observed in recent years, in particular the increase in the goods traffic on roads.  
 
In order to prevent accidents/incidents and to limit the consequences of them, if they 
occur, the new proposal for a Directive fixes for existing and future tunnels harmo-
nized minimum safety standards for all tunnels over 500 m length on the Trans-
European Road Network. It details the duties and the responsibilities for the owner of 
the tunnel, whether that is a public or private operator and also fixes a number of traffic 
requirements, like e.g. restrictions for allowances of heavy goods vehicles to pass a 
tunnel. To provoke suitable and rapid reactions, an accent is also put on information and 
communication. In order to inform the users on best behaviour of reacting, e.g. in the 
event of traffic congestions, harmonized information campaigns are envisaged in the 
future and proposals for a harmonized signalisation in all incident cases in road tunnels 
are given.  
 
The new proposal for a Directive stipulates that all the emergency organisations will have 
to be associated with the preparation of intervention and rescue plans, which will have to 
be established under the responsibility of a safety officer for each tunnel. Accident/ 
incident exercises will have to be organised at least once a year for major tunnels.  
 
Europeans move increasingly abroad and the recent fires showed that non-resident users 
are most often the victims of accidents/incidents in road tunnels. A certain harmonisation 
is therefore necessary so that users could, wherever they circulate, count on a minimum 
equipment level of road tunnels, on a sufficient capacity of the Administrative authorities 
in charge and on well trained personal responsible for road transport infrastructures to 
cope with accidents/incidents in road tunnels.  
 
1. Introduction 
 
In its White Paper on transport policy, the Commission emphasises the need to consider a 
European Directive on the harmonisation of minimum safety standards to guarantee a 
high level of safety for the users of tunnels, particularly those in the Trans-European 
Transport Network. The European Council on several occasions and notably on 14 and 15 
December 2001 in Laeken underlined the urgency to take measures at European level in 
order to improve tunnel safety. In addition, the potential disruption of the transport 

                                                      
1 Commission White Paper of 12 September 2001: “European transport policy for 2010: time to 

decide”, COM (2001) 370. 
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system following a major fire amplifies these consequences and can cause severe distur-
bances in the economy of a whole region. 
 
In all Member States, with the exception of Finland and Ireland, there are tunnels which 
fall within the scope of the Directive. A number of them, longer than 500 m, have been 
built to specifications that with time have become outdated; either their equipment no 
longer corresponds to the state of the art or traffic conditions have substantially changed 
since their initial opening. In general, there are no legal mechanisms at national level to 
oblige tunnel managers to improve safety once the tunnels are put into service. 
It is clear that the risk of serious fires in tunnels has significantly increased in recent 
years. Insufficient co-ordination has been identified as a contributory factor to accidents 
in trans-border tunnels. Moreover, recent serious accidents show that non-native users are 
at greater risk of becoming a victim in an accident, due to the lack of harmonisation of 
safety information, communication and equipment. 
 
For these reasons, a proposal for a Directive has been prepared. The requirements of this 
Directive apply to tunnels longer than 500 m in the Trans-European Road Network2. 
A total of 515 TEN road tunnels more than 500 m length were identified, around 50% of 
which are located in Italy (see Diagram 1). This proposal is based on Article 71 of the 
Treaty establishing the European Communities and applies to tunnels located in the 
Trans-European Road Network, which are essential for long distance transport inside the 
European Union. The proposal contents an explanatory memorandum, 20 articles and 3 
annexes and includes organisational and technical requirements. 
 
The proposal was forwarded to the Council and the European Parliament on the 
30.12.2002. Between February and September 2003 a Council working group discussed 
this proposal within 15 meetings and came at the end to a global position. On 9.10.2003 
the Council approved this position. In parallel a working group of the European 
Parliament prepared a report which was accepted in the first reading in Parliament also on 
the 9.10.2003. At the moment a common agreement between both documents will be 
prepared, which hopefully leads to a co-decision process and at the end to the final 
Directive in Spring 2004. 
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Diagram 1 : TEN road tunnel inventory 

                                                      
2 Decision 1692/96/EC of the European Parliament and of the Council of 23 July 1996 on 

Community guidelines for the development of the trans-European network, OJ L 228, 9 
September 1996 
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2. Content of the proposal 
 
The main causes of road accidents are incorrect behaviour of road users, inadequate 
installations on the road network and inefficient operation, vehicles with technical defects 
and problems with loads. Structural, technical and organisational road safety measures 
need to be taken in order to prevent incidents and keep their impact to a minimum. All 
safety measures have to correspond to the latest state of the art and have to apply to all 
factors concerned, e.g. infrastructure, operation including emergency services, vehicles 
and road users. 
 
The following objectives have been set for reaching the optimal level of safety in road 
tunnels: 

• Primary objective: prevention of critical events that endanger human life, the 
environment, tunnel structure and installations. 

• Secondary objective : reduction of possible consequences of events such as 
accidents/incidents by providing the ideal pre-requisites for: 

- enabling people involved in an accident/incident to rescue themselves; 
- allowing immediate intervention of road users; 
- ensuring efficient action by emergency services; 
- protecting the environment; 
- limiting material damage. 

 
In the event of an incident, the first minutes are crucial when it comes to people saving 
themselves and limiting damage. The prevention of critical events is therefore the 
number-one priority, which means that the most important measures to be taken have to 
be of a preventive nature. 
 
2.1 Organisational requirements 
 
Considering that the diversity of organisations involved in managing, operating, main-
taining, repairing and upgrading tunnels increases the risk of accidents, the Commission 
proposes to harmonise the organisation of safety at national level and to clarify the 
different roles and responsibilities. In particular, the Commission proposes that each 
Member State appoint an Administrative Authority which is the competent authority 
responsible for all safety related aspect of a tunnel, assisted by an Inspection Entity for 
commissioning visits and periodical technical inspections. In most cases, Member States 
will have the possibility of appointing existing administrative services as Administrative 
Authorities for the purposes of the present Directive. Responsibility for safety in each 
tunnel will lie with the Tunnel Manager and the responsibility for control with the 
appointed Safety Officer. 
 
2.2 Technical requirements 
 
The proposed technical requirements are based on works done in international bodies e.g. 
the World Road Association PIARC and its committee C5 Road Tunnel Operation and 
the ad hoc group on road tunnel safety of the Economic Commission of the United-
Nations (UN-ECE). 
 
The level of safety in tunnels is influenced by a variety of factors that can be put under 
the following four main headings:  
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• Infrastructure 
• Operation 
• Vehicles 
• Road users 
 
Requirements aimed at reinforcing safety in road tunnels will be established for each 
group. Technical specifications are stipulated in the Annexes of the Directive which are 
based on existing harmonisation efforts at international level, namely the recommenda-
tions of an UN-ECE ad hoc group on road tunnel safety3. 
 
Since traffic intensity (traffic volume times tunnel length) can be taken as a first indicator 
for risks involved, the average traffic intensities of EU Member states derived from the 
UN-ECE database from 2001 can be a first step for risk analyses. Diagram 2 shows the 
distribution of average traffic intensities for European Member states with a considerable 
amount of road tunnels. From the distribution it is obvious that transit countries, as e.g. 
Germany and France, will have higher risks than countries at the peripheries of Europe as 
e.g. Spain and Italy. 
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Diagram 2 : Traffic intensity of European tunnel countries 

 
Another risk factor is the heavy goods transport on road and through road tunnels. 
Diagram 3 shows the development of goods transport on roads in EU Member states with 
a considerable amount of road tunnels in the years from 1970 to 1999.  

                                                      
3 UN-ECE Recommendations of the Group of Experts on Safety in Road Tunnels, Geneva, 

December 2001 
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Diagram 3 : Development of goods transport on roads in EU Member states 

 
Again from the development of goods transport on roads it can be seen that the transit 
countries will have the main burden to carry. There is however also a considerable 
increase in recent years in Italy and Spain. During the implementation period of the 
Directive, it is expected that heavy goods transport on roads and through road tunnels will 
increase to figures between 40% and 60% of the current traffic volumes of these 
vehicles. 
 
2.2.1 Structural requirements 
 
Due to the large number of tunnels and interdependencies of the components relevant for 
safety, new measures need to be carefully co-ordinated. This applies especially to com-
ponents which have been constructed on the basis of previous standards and need to be 
transformed to meet the requirement of the Directive. 
 
Administrations generally specify safety requirements applicable for all road tunnels, thus 
attaining the same degree of safety throughout the network. However, a number of 
national guidelines or regulations already exist, while others are being revised or, in some 
cases, have yet to be established or completed.  
 
The minimum requirements in the Annexes of the Directive, which are based on traffic 
volumes and tunnel length in the first place, encompass all structural components, venti-
lation and other electromechanical equipment. No equivalence factor has been adopted 
for heavy goods vehicles above 3,5 t in the determination of traffic volumes and the 
thresholds between categories have been established with an assumption of a 15% annual 
average daily traffic volume for heavy goods vehicles, a normal lane width of 3,50 m and 
a maximum gradient of less or equal than 3%. Member States may specify stricter 
requirements, provided they do not contravene the requirements of the Directive. Limited 
deviations from these minimum requirements by a single Member state may be allowed 
provided that a procedure has been completed involving the Commission  and all other 
Member states. 
 
In the following the main features of structural safety measures will be outlined: 
 
 
 
 



International Symposium on Catastrophic Tunnel Fires (CTF), Borås, Sweden, November 20 – 21, 2003 
 
 
 
 

 24  

 
Number of tubes and lanes 
 
The main criteria in deciding whether to build a single or a twin-tube tunnel shall be 
projected traffic volume and safety, taking into account aspects such as percentage of 
heavy goods vehicles, gradient and length. 
 
Twin-tube tunnels offer much higher safety potential in the event of a fire. The Directive 
proposes thus that single-tube tunnels should only be built if a 15-year forecast shows that 
traffic will be less than 10.000 vehicles per day and per lane. 
 
With the exception of the emergency lane, the same number of lanes shall be maintained 
inside and outside the tunnel. Any change in the number of lanes shall occur at a suffi-
cient distance in front of the tunnel portal; this distance shall be at least the distance 
travelled in 10 seconds by a vehicle at the maximum allowed speed. When geographic 
circumstances prevent that this distance can be respected, additional and/or reinforced 
measures shall be taken to enhance the safety. 
 
Tunnel geometry 
 
Safety shall be specially taken into consideration when designing the cross-sectional 
geometry and the horizontal and vertical alignment of a tunnel and its access roads, as 
these parameters have a large influence on the probability and severity of accidents. 
 
Longitudinal gradients above 5% shall not be permitted in new tunnels, unless no other 
solution is geographically possible. In tunnels with gradients higher than 3%, additional 
and/or reinforced measures shall be taken to enhance safety on the basis of a risk analysis.  
 
Where the width of the traffic lane is less than 3.5 m and heavy goods vehicles are 
allowed, additional and/or reinforced measures shall be taken to enhance safety on the 
basis of a risk analysis. 
 
Escape routes and Emergency exits 
 
In new tunnels without an emergency lane, emergency walkways, elevated or not, to be 
used by tunnel users in case of a breakdown or an accident shall be provided. This 
provision does not apply if the construction characteristics of the tunnel do not allow it or 
allow it only at disproportional cost and the tunnel is unidirectional and is equipped with 
a permanent surveillance and lane closure system. 
 
In existing tunnels where there is neither an emergency lane nor an emergency walkway, 
additional and/or reinforced measures shall be taken to provide for safety. 
 
Emergency exits allow tunnel users to leave the tunnel without their vehicles and reach a 
safe place in case of an accident or a fire and also provide an access on foot to the tunnel 
for emergency services. Examples of such emergency exits are: 
 

o direct exits from the tunnel to the outside, 
o cross-connections between tunnel tubes, 
o exits to an emergency gallery, 
o shelters with an escape route separate from the tunnel tube 

 
Emergency exits shall be provided if an analysis of relevant risks including the smoke 
extension and spreading velocity under local conditions shows that the ventilation and 
other safety provisions are insufficient to ensure the safety of road users.  
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In any case, in new tunnels, emergency exits (Fig.1) shall be provided where the traffic 
volume is higher than 2 000 vehicles per lane. Where emergency exits are provided, the 
distance between two exits shall not exceed 500 m. 
 

 
Fig.1 Emergency exit 

 

In existing tunnels longer than 1 000m, with a traffic volume higher than 2 000 
vehicles per lane, the feasibility and effectiveness of the implementation of new 
emergency exits shall be evaluated. 
 
Appropriate means, such as doors, shall prevent the propagation of smoke and heat into 
the escape routes behind the emergency exit, so that the tunnel users can safely reach the 
outside and the emergency services can have access to the tunnel. 
 
 
2.2.2 Equipment requirements 
 
In the following the main features of structural safety measures will be outlined. 
 
 
Lighting 
 
Normal lighting shall be provided so as to ensure an appropriate visibility for drivers in 
the entrance zone as well as in the interior of the tunnel during day and night. 
 
Safety lighting shall be provided to allow a minimum visibility for tunnel users to 
evacuate the tunnel in their vehicles in case of a breakdown of the power supply. 
 
Evacuation lighting, such as evacuation marker lights, at a height of no more than 1.5m, 
shall guide tunnel users to evacuate the tunnel on foot, in case of emergency. 
 
 
Ventilation 
 
A mechanical ventilation system shall be installed in all tunnels longer than 1000 m with 
a traffic volume higher than 2000 vehicles per lane. 
 
Longitudinal ventilation shall be allowed only in tunnels with bi-directional and/or 
congested unidirectional traffic if a risk analysis shows it is acceptable and/or specific 
measures are taken, such as appropriate traffic management where ordinary traffic 
conditions allow vehicles to drive out of the tunnel in the direction of the smoke. 
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For tunnels longer than 3000 m with bi-directional traffic and transverse and/or semi-
transverse ventilation  with a traffic volume higher than 2000 vehicles per lane, the 
following minimum measures shall be taken as regards ventilation: 
 
- Air and smoke extraction dampers shall be installed which can be operated sepa-

rately or in groups. 
 
- The longitudinal air and smoke velocity shall be monitored constantly and the 

steering process of the ventilation system (dampers, fans, etc) adjusted accordingly.  
 

 
Fig.2 Tunnel portal with barrier for tunnel closures  

 
Further equipment 
 
Tunnels shall be equipped with the following: 
 
-  indication of escape routes by lighting and by signs at least every 25 m, 1.1 m to 1.5 

m above escape route level, and by lighting and signs above safety recesses and fire-
fighting equipment; 

-  systematic installation of fire extinguishers in the tunnels at intervals of at least 150 m 
(250 m for existing tunnels) and at the entrances, and water supply for firemen at 
intervals of at least 250 m; 

-  a control centre shall be provided for all tunnels longer than 3000 m with a traffic 
volume higher than 2000 vehicles per lane 

-  video monitoring systems and a system able to detect traffic incidents and /or fires 
shall be installed in tunnels with a control centre; 

-  in all tunnels longer than 1000 m, traffic signals shall be installed before the 
entrances so that the tunnel can be closed in case of an emergency (Fig.2) 

-  Radio re-broadcasting equipment for emergency service use shall be installed in all 
tunnels longer than 1000m with a traffic volume higher than 2000 vehicles per 
lane; 

-  where there is a control centre, it shall be possible to interrupt radio re-broadcasting of 
channels intended for tunnel users, if available, in order to give emergency messages. 
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2.2.3 Operation 
 
The main tasks for the Tunnel Manager are as follows: 

 
- to secure safety for users and operators both in prevention and in the event of an 

incident 
- to monitor the efficient performance of all installations during normal operation 

and adjust them as required in the event of an incident 
- to properly maintain all structural and electromechanical installations. 

 

Works in tunnels 
 
Complete or partial closure of lanes due to construction or maintenance works planned in 
advance shall always begin outside the tunnel. The use of traffic lights inside tunnels shall 
be prohibited for such planned closures and used only in the event of accidents/incidents. 
The closure of lanes shall be indicated before the road enters the tunnel. Variable message 
signs, traffic lights and mechanical barriers may be used for this purpose. 
 
Accident management 
 
In the event of a serious accident or incident, all appropriate tunnel tubes shall be closed 
immediately to traffic (see Fig.2). This shall be done by simultaneous activation not only 
of the above-mentioned equipment before the portals, but also of variable message signs, 
traffic lights and mechanical barriers inside the tunnel, if available, so that all the traffic 
can be stopped as soon as possible outside and inside the tunnel. 
 
The access time for emergency services in the event of an incident in a tunnel shall be as 
short as possible and shall be measured during periodic exercises. In major bi-directional 
tunnels with high traffic volumes a risk analysis shall establish whether emergency ser-
vices shall be stationed at the two extremities of the tunnel. 
 
In the event of an incident, the Tunnel Manager has to work closely together with the 
emergency services. Emergency services must at least be consulted when defining 
operation of the tunnel in emergency cases and emergency response plans. 
 
2.2.4 Vehicles 
 
All heavy goods vehicles, buses and coaches entering tunnels should be equipped with a 
fire extinguisher, since it is normally easier to put out a fire if it is tackled as soon as it 
starts. The proposal contains a general obligation but the Commission will envisage more 
detailed requirements in a more general and appropriate context for all motor vehicles 
with a maximum permissible mass exceeding 3.5 tonnes. 
 
In parallel, the safety problem posed by the high tank capacity that can be mounted on 
heavy vehicles will be raised in the EU regulation body responsible for the legislation 
applicable to motor vehicles. 
 
Heavy goods vehicles carrying dangerous goods or goods of calorific values greater than 
30 MW are also especially critical and should be equipped with adequate extinguishing 
systems. Furthermore, vehicle manufacturers are developing technical solutions to reduce 
the risk of fire for various functions, e.g. engines, turbochargers and brakes. Where 
appropriate, the Commission will consider adapting the relevant requirements to technical 
progress. 
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2.2.5 Road users 
 
In-depth analyses of incidents on roads show that an accident is the consequence of one 
or more faults in a complex system involving drivers, vehicles, the road and its 
surroundings. 
 
Thus, efforts to increase the level of road safety have to aim primarily at preventing 
human error. The second step will have to ensure that errors made by drivers do not have 
serious consequences. 
 
There are various ways of having a direct or indirect influence on the way people act. The 
Directive calls for better information for road users on tunnel safety, e.g. through infor-
mation campaigns at national level and improved communication between the Tunnel 
Manager and road users inside a tunnel. 
 
On the basis of the work by PIARC C5 working group WG3 on ‘’ Human factors of road 
tunnel safety’’ the Commission produced two information leaflets (see Fig.3) on how to 
react in accident/incident cases in tunnels for non-professional and for professional 
drivers in all 11 Member state languages. The leaflets and a video produced also by the 
Commission will serve as input for an awareness campaign of most European Auto-
mobile Clubs in 2004. 
 

 
 

 

 

 

 

 

 

 

 

Fig.3 EU Information leaflet 
 

As recent accidents show that self-rescuing offers the highest potential for saving lives in 
the case of an accident in a tunnel, the introduction of clear and self-explanatory signs in 
sufficient numbers indicating the safety equipment in each tunnel is an important measure 
that can be implemented at relatively low cost. Therefore in addition, the Annexes contain 
also a description of, and requirements for, the positioning of obligatory road signs, 
panels and pictograms relating to safety. 

 
3. Costs and expected benefits of the measures 
 
Improvement costs include three components: refurbishment and equipment, operational 
costs, and costs of traffic delay caused by the refurbishment. Refurbishment and equip-
ment account for the majority of costs, though traffic delay is estimated to account for 
one quarter of the costs. 
 
Costs for refurbishing road tunnels in accordance with the full set of requirements of the 
Directive can be very high, because tunnels are the most expensive road infrastructure. 
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For this reason, the Directive allows Member States to implement less costly measures 
under certain conditions where they achieve a sufficient safety level. For this purpose a 
clause in the proposal allows Member States to accept alternative risk reduction measures 
when refurbishment costs are excessive in relation to the costs of a new tunnel. However, 
these results clearly demonstrate the need to prioritise tunnel safety investments, starting 
with the tunnels with the highest traffic volume and the greatest risk of accidents. 
 
The cost of structural work may be reduced by a factor of up to five for tunnels that bene-
fit from a derogation. The total cost for the proposal is in the range of 2.6 billion Euro to 
6.3 billion Euro. The lower figure is an estimate where certain modifications in tunnel 
structure are replaced by alternative measures, such as traffic restrictions. The latter 
figure assumes that all existing tunnels will be adapted to meet the provisions of new 
tunnels. A proposed implementation schedule for this adaptation procedure can be found 
in the following table: 
 

Table: Estimated Implementation Schedule 
Stage Time Action Year

estimated

1 E Entry into force+ 20 days after publication 2004

2 E+ 2 years

transposition by Member states and 
notification of safety organisations;                
all tunnel at design stage shall comply from 
hereon or those built but not in operation 
shall be evaluated;

2006

3 E + 3 years
assessment of existing tunnels shall be 
completed; information of EU every 2 years 
thereafter about the implementation plan

2007

4 E+ 5 years EU prepares a report about the risk analysis 
methodology used in Member states 2009

5 E+ 6 years first round of technical inspections should be 
completed ;     EU establishes report 2010

6 E+ 10 years end of the implementation periode of the 
directive to existing tunnels 2014

7 E+ 15 years end of the extented implementation periode 
of the directive to existing tunnels 2019

 
 

The expected benefits of the measures include: 
 
– The benefit of accidents avoided or contained. Direct costs of recent tunnel fires, 

including repair costs, exceed by far the one million Euro average direct cost of a fatal 
road accident indicated in the Communication on road safety in 1997.4 Direct costs of 
tunnel accidents have been evaluated on the basis of a review of the recent literature 
and the collection of limited data on recent accidents. They are estimated at 210 
million Euro per year. 

– Indirect costs on the economy resulting from the closure of a tunnel should also be 
taken into account. Following the Mt Blanc Tunnel accident and its subsequent 
closure, studies calculated these costs to be within a range of 300 to 450 million Euro 
per year for Italy alone5. 

– Significant potential indirect benefits of this Directive should also be considered. 
Tunnel closure as a consequence of an accident is prejudicial not only to the regional 
economy but also to the national and in some cases even to the whole European 

                                                      
4 Promoting road safety in the European Union - Programme for the period 1997-2001 (COM 

(97) 131 final, 9 April 1997). 
5   Valutazione degli effetti economici sui sistemi regionali e nazionali della chiusura del traforo 

del Monte Bianco, Prometeia, May 1999. 
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economy. It increases transport costs, reduces the competitiveness of the areas 
affected by the closure and has an adverse effect on road safety, as it tends to lengthen 
journeys, thus increasing risk exposure for all road users for a potentially long period.6 

 
 
4. Conclusions 
 
In this presentation the European policy towards road tunnel safety in the near future was 
outlined. Only the main important features of a proposal for a Directive of harmonised 
minimum safety standards for road tunnels could be presented.  
 
The “White Paper on European Transport Policy for 2010: Time to Decide” presents a 
two-phase approach to the issue of tunnel safety: 
 
- In the short to medium term, the proposed legislation will set minimum standards to 

rapidly guarantee a high level of safety for users of road tunnels. As announced, the 
proposal encompasses the main technical and operational safety-related aspects: 
structural measures, technical equipment, traffic rules, training of operating staff and 
rescue organisations to cope with a major accident, information to users on how to 
react in accident/incident cases in tunnels and means of communication to facilitate 
user evacuation in the event of a fire. 

 
- The recent tunnel fires raise the question, finally, of the sustainability of transport, 

particularly in mountainous areas. In this respect, a coherent approach to developing 
medium and long-term solutions, including a shift in transport modes, is one of the 
priorities set out in the White Paper on Transport Policy.  

 
In the meantime, the Commission will set up a working group of national experts from 
the Member States and competent organisations with the following objectives: 
 
- to gather the data needed to prepare a harmonised procedure for risk analysis; 
 
- to prepare further improvements to the minimum safety provisions for construc-

tion, operation, maintenance, repair, upgrading, rehabilitation and refurbishment of 
tunnels of various types and lengths, and to improve traffic conditions in these 
tunnels, e.g. signs, restrictions on vehicles and dangerous goods, driver training; 

 
- to collect information on safety provisions in tunnels, in particular on new traffic 

management techniques. 

Once the Member States have designated their Administrative Authorities, the 
Commission will ensure that they are represented in the Group of Experts, which will also 
act as liaison between Member States. The Commission will also invite representatives 
from competent organisations at international level and from third countries, notably 
Switzerland and Norway, in order to take account of their opinions and experience on 
specific issues and ensure good co-operation. 
 
The proposed Directive will hopefully improve the protection of road users, environment 
and infrastructure. Any absence of action now is deemed to be detrimental, since acci-
dents in road tunnels have proven to be extremely costly in terms of human lives, 
increased congestion, pollution, risks and reparation. The Commission therefore hopes 
that European Parliament and Council will adopt this Directive on minimum safety 
requirements for road tunnels in the Trans-European Road Network in Spring 2004. 
                                                      
6 Rehabilitation work took almost three years before the Mont Blanc tunnel was reopened. 
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ABSTRACT 
 
Estimates of the fire development in some of the latest catastrophic tunnel fires (CTF) are 
presented. Accident reports and other related reports in conjunction with experimental 
data have been used in order to calculate approximately the maximum heat release rates 
(HRR) and the time to reach these maximum values. The fire duration and total heat 
content have also been estimated when such information has not been available. A 
summary of HRR obtained in large-scale fire experiments is given in order to compare to 
the HRR levels obtained in the CTF accidents.   
 
Keywords: Heat release rate (HRR), fire development, Catastrophic Tunnel Fires (CTF) 
 
INTRODUCTION 
 
The catastrophic tunnel fires (CTFs) in Europe have placed a focus on fire spread and fire 
development in tunnels. The need for a better understanding of the fire development in 
such fires has become apparent. We know that a fire in a passenger car represents no 
great danger, and even a fire in a bus will not necessarily present an immediate danger to 
users of the tunnel - provided, of course, that the passengers can be evacuated efficiently.  
A fire in a Heavy Goods Vehicle (HGV), a tanker or a train unit, however, represents a 
much more difficult and dangerous situation. The fire can spread to other vehicles, per-
sons can be trapped in the tunnel and the rescue services will have difficulty reaching the 
seat of the fire. If the fire starts to spread to other vehicles, there will be an immediate 
danger to everybody inside the tunnel.    
 
There are several factors that have played a major role in the growth of the CTFs in 
Europe.  In road tunnels the high fire load represented by the many HGVs involved has 
been instrumental.  Fires in flammable HGV goods develop very quickly.  In metro sys-
tems it has been the high density of people evacuating the scene, in combination with the 
fast fire spread between coaches, that has been most important. Other factors are that the 
ventilation spreads the fire and the rapid evolution of smoke surprises people who do not 
get out in time, or who cannot find their way out.  Finally, the rescue services have great 
difficulty fighting the fire - vision is obscured by smoke, and the enormous heat levels 
prevent fire fighters from getting to the seat of the fire, even when the smoke has been 
ventilated away.  
 
Information about the fire development is usually very limited and technical information 
concerning maximum HRRs, time to maximum HRRs or duration of the fire, is 
uncommon. The information about the amount of combustible material is also limited in 
many cases. Data concerning the fire duration is usually based on the time when the fire 
brigade obtained a control of the fire or when the fire was completely extinguished. This 
information may differ from the actual fire duration i.e. the time period of the fire when 
the HRR is measurable and not only glowing embers or small flames in the wrecks (this 
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tailing period of the HRR curve may be quite long in a CTF if the fire brigade is not able 
to intervene).  In order to obtain a better picture of fire duration in different CTFs, the fire 
duration time, t2, has been defined here (subjectively chosen) as the time when the HRR 
is 3 % of the maximum HRR. A simple method to estimate the maximum HRR (Qmax), 
time to reach maximum HRR (tmax) or fire duration time (t2) is presented and applied on 
some of the CTFs which have occurred in Europe. Also, an estimation of the total heat 
content (Etot) of the vehicles involved is given.  
 
The estimations given here are in many cases based on rather limited information and 
should not be regarded as exact. A crude engineering approach has been employed and 
the purpose is to obtain an idea of order of magnitude rather than exact numbers.  
 
HRR FROM LARGE-SCALE EXPERIMENTS 
 
In order to obtain a better perception of the fire development in large tunnel accidents we 
first present a summary of available information from large-scale fire experiments on 
HRR and heat content in different vehicles. Based on these experiments the total heat 
content (Etot), the maximum HRRs (Qmax) and time to maximum HRRs (tmax) are pre-
sented in Table 1 for different road vehicles and in Table 2 for rail and metro vehicles. 
The fire duration time, t2, was not available in most of the experiments since the 
measurement of HRR was terminated before it was reduced down to 3% of the Qmax.   
 
In majority of the large-scale tests with vehicles, with the exception of the tests with 
passenger cars in car parks, tests have been performed with single road vehicles or 
coaches. Very little concern is given to fires in tunnels involving multiple vehicles. The 
reason may be practical and economical but also that a fire in multiple vehicles has 
generally not been regarded as a design scenario.  
 
The summary in Table 1 show that the maximum HRRs obtained in experimental studies 
varies depending on the vehicle category. For passenger cars it varies from 1.5 to 10 MW, 
for buses it is about 30 MW, for HGVs it varies from 13 to 203 MW and for trains/metros 
it varies between 13 and 43 MW. For the road vehicles the rather intensive fire duration 
(not including the time period with glowing embers and small flames) is in nearly all 
cases less than 60 minutes and the time to maximum HRR from ignition in majority of 
the cases varies between 7 to 30 minutes. The intensive fire duration for trains is less than 
two hours and the time to maximum HRR varies between 5 to 80 minutes. Keeping this 
in mind we can put the HRR information from large-scale experiments into the 
perspective of a real CTF accident.  
 
FIRE DEVELOPMENT IN CTF 
 
In order to understand the fire development in many CTFs we first need to explain how 
these fire progress. In all CTFs multiple vehicles are involved. The fire starts in one or 
two (collision) vehicles and then spreads to the adjacent vehicles largely by radiation 
from the impinging flames at the ceiling. In Figure 1 a schematic picture of the progress 
is shown for a CTF with forced longitudinal flow. We can divide the fire-spread progress 
into different key zones: 
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Table 1 Large scale experimental data on road vehicles 

NA=Not Available 
* This is estimated from the convective HRR of 20 MW derived by Kunikane et al [8] because a sprinkler system was 
activated when the convective HRR was 16.5 MW.  We assume that 67 % of the HRR is convective and thereby we can 
estimate the HRR = 20/0.67=30 MW.  
** mass ratio of the total weight 
 
 
 
  
  
 

Type of vehicle, test series, test nr, 
u=longitudinal ventilation m/s 
 
 

Total heat 
content, Etot 

 
(GJ) 

Maximum 
HRR, Qmax  

 
(MW) 

Time to 
maximum 

HRR, (tmax)  
(min) 

Reference 

Passenger Cars 
Three tests with ordinary passenger cars 
manufactured in the late 1970s 

4 1.5, 1,8 and 2 12, 10 and 
14 

Mangs and Keski-
Rahkonen [1] 

Renault Espace J11-II manufactured in 1988, 
EUREKA 499, u= 0.4 m/s 

7 6 8 Steinert [2] 

Citroën BX 1986 5 4.3 15 Shipp and Spear-
point [3] 

Austin Maestro 1982 NA 8.5 16 Shipp and Spear-
point [3] 

Opel Kadett 1990 ; Second Benelux tests, test 6 
and 7, u = 0 and 6 m/s 

NA 4.8 and 4.7 11 and 38 Lemair et al [4] 

Tests with single cars manufactured in the 80s 
and 90s (Peugeot, Renault, Citroen, Ford, Opel, 
Fiat, VW) 

2.1, 3.1, 4.1 and 
6.7 

3.5, 2.1, 4.1 
and 8.3 

10, 29, 26 
and 25 

Joyeux [5] 

Tests with one car (Trabant, Austin and Citroen) 3.1, 3.2 and 8 3.7, 1.7 and 4.6 11, 27, 17 Steinert [6] 
Tests with two cars manufactured in the 80s and 
90s (Peugeot, Renault, Citroen, Ford, Opel, Fiat, 
VW) 

8.5, 7.9, 8.4 and 
NA 

1.7, 7.5, 8.3 
and 10 

NA, 13, NA, 
NA 

Joyeux [5] 

Test with two cars (Polo+Trabant, 
Peugeot+Trabant, Citroen+Trabant, 
Jetta+Ascona) 

5.4, 5.6, 7.7 and 
10 

5.6, 6.2, 7.1 
and 8.4 

29, 40, 20 
and 55 

Steinert [6] 

Tests with three cars (Golf + Trabant+Fiesta) NA 8.9 33 Steinert [6] 
Buses 

A 25-35 year old 12 m long Volvo school bus 
with 40 seats, EUREKA 499, u=0.3 m/s 

41 29 8 Ingason et al [7] 

A bus test in the Shimizu Tunnel, u=3-4 m/s NA  30 * 7 Kunikane et al [8] 
HGV trailer 

A trailer load with total 10.9 ton wood (82%**) 
and plastic pallets (18%), Runehamar test series, 
Test 1, u=3 m/s 

240 203 18 Ingason and 
Lönnermark [9] 

A trailer load with total 6.8 ton wood 
pallets(82%) and PUR mattrasses (18%), 
Runehamar test series, Test 2, u=3 m/s 

129 158 14 Ingason and 
Lönnermark [9] 

A Leyland DAF 310ATi – HGV trailer with 2 
tons of furniture, EUREKA 499, u= 3-6 m/s 

87 128 18 Grant and 
Drysdale [10] 

A trailer with 8.5 ton furnitures, fixtures and 
rubber tyres, Runehamar test series, Test 3, u=3 
m/s 

152 125 10 Ingason and 
Lönnermark [9] 

A trailer mock-up with 3.1 ton corrugated paper 
cartons filled with plastic cups (19%), 
Runehamar test series, Test 4, u=3 m/s 

67 70.5 8 Ingason and 
Lönnermark [9] 

A trailer load with 72 wood pallets, Second 
Benelux tests, Test 14, u=1-2 m/s 

19 26 12 Lemair et al [4] 

A trailer load with 36 wood pallets, Second 
Benelux tests, Test 8, 9 and 10, u=0, 4-6 m/s and 
6 m/s 

10 13, 19 and 16 16, 8 and 8 Lemair et al [4]  

A Simulated Truck Load (STL), EUREKA 499,  
u=0.7 m/s   

65 17 15 Ingason et al [7] 
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Table 2  Large scale experimental data on rail vehicles. 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.   Schematic presentation of a fire spread process in a tunnel with 

multiple vehicles/coaches.  
 

1) burnt out cooling zone 
2) glowing ember zone 
3) combustion zone 
4) excess fuel zone 
5) preheating zone 

 
Provided there are sufficient vehicles in the vicinity of the initial fire, these different 
zones move forward in a dynamic manner.  The ‘burn out zone’ involves vehicles that 
have been completely consumed in the fire and where the fire gases have cooled down. 
The ‘glowing ember zone’ contains vehicles at a very late stage of the decay phase (a pile 
of glowing embers). The ‘combustion zone’, which starts at x=0 in Figure 1, contains 
violently burning vehicles (fully developed fire) where sufficient fuel is vaporising to 
support gas phase combustion. Flaming combustion is observed throughout this zone. 
The flames cause large heat transfer rates from the gas to the fuel and consequently large 
fuel vaporisation rates. The gas phase temperature just beyond x=0 increases rapidly. 
Simultaneously the oxygen is rapidly depleted as the temperature reaches a maximum at 
x=x1, i.e. just beyond the ‘combustion zone’. If the oxygen is consumed within the com-

Type of vehicle, test series, test nr, 
u=longitudinal ventilation m/s 

Calorific value 
 
 

(GJ) 

Maximum 
HRR  

 
(MW) 

Time to 
maximum 

HRR  
(min) 

Referens 

Rail 
A Joined Railway car; two half cars, one of 
aluminium and one of steel, EUREKA 499, 
u=6-8/3-4 m/s 

55 43 53 Steinert [2] 

German Intercity-Express railway car (ICE), 
EUREKA 499, u=0.5 m/s 

63 19 80 Steinert [2] 

German Intercity passenger railway car (IC), 
EUREKA 499, u=0.5 m/s 

77 13 25 Ingason et al [7] 

Metro 
German subway car, EUREKA 499, u=0.5m/s 41 35 5 Ingason et al [7] 

1 2 3 4 5 

XO2=0.2095  XO2,  ,   
 Tg 

Tg=900 - 1350 oC 

     zone 

X1 X2 X=0 X
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bustion zone, the ‘excess fuel zone’ starts at x=x1. In the case where all the oxygen has 
been depleted we have a ventilation-controlled fire. In the case where oxygen is still 
available we have a fuel-controlled fire and no excess fuel (no more vehicles in place to 
sustain the progress). In the case of ventilation-controlled fire, the fuel continues to 
vaporise from the vehicles throughout this zone up to a point along the tunnel where the 
gas stream has cooled to the fuel vaporisation (pyrolysis) temperature ( ≥vapT 300 ºC for 
the majority of solid materials). Beyond this point, x=x2, no vaporisation of the vehicle 
materials occur but the gas flows into a ‘preheating zone’ and loses its heat to the tunnel 
walls and preheats the vehicle material within this zone.  
 
CASE HISTORIES 
 
Between 1995 and 2003 seven major fire catastrophic tunnel fires have occurred in road 
and rail tunnels: the Baku fire (1995), the Channel tunnel fire (1996), the Mont Blanc fire 
(1999), the Tauern tunnel fire (1999), the Kitzsteinhorn tunnel fire near Kaprun (2000), 
the St Gotthard tunnel fire in Switzerland (2001) and Daegu (2003) in South Korea.  A 
common element in these accidents was the importance of the fire load and the role of the 
ventilation on the fire development.  
 
In the following, an analysis is presented of five of these large catastrophic fires in order 
to estimate the maximum HRRs, the times to reach the maximum values and the fire 
duration.  Excluded here are the St Gotthard tunnel fire and the Daegu fire in South 
Korea. The St Gotthardtunnel accident is described in details in these proceedings, see 
page 47. Presently, there is virtually no official information available on the Daegu fire , 
and therefore it is not realistic to conduct an analysis of the fire development as it would 
require very gross assumptions. 
 
The estimations given here on the five CTFs are in some cases based on rather limited 
information and should therefore not be regarded as exact. The purpose is only to obtain 
an idea of order of magnitudes rather than exact numbers. The method used is a simple 
engineering approach with fire development curves based on the original work presented 
by Numajiri and Furukawa [11]. The curve, which gives the HRR as a function of time 
(Q(t)), has been partly modified here: 
 

))1(()( 1//
max

22 −⋅−⋅− −⋅⋅= nttkttk eernQtQ   (1) 
 
where Qmax is the maximum HRR (kW) and t2 is the fire duration time (s). Numajiri and 
Furukawa defined the constant n as the retard index, k is the time width coefficient and r 
is the amplitude coefficient [11].  This equation is applicable on fuel-controlled fire with-
out long steady state period at its maximum value.  Here, the amplitude coefficient r has 
been adjusted (curve fit) so the product of n and r in equation (1) hold in the range of 
2 20≤≤ n . 
 

2)ln(13646.0)ln(7734.05414.1 nnr ⋅−⋅+=  (2) 
 
For n>20 equation (2) does not apply. In Figure 2, comparisons of the some of the 
experiments presented in Table 1 are shown. The values Etot and Qmax from Table 1 have 
been used and the only parameter varied is n. The choice of k=6 means that the fire 
duration time t2 is the time when Q(t2) is approximately 3% (can vary slightly with n) of 
the Qmax. Other chose of k will change this proportion. 
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Figure 2.    Comparison of equation (1) to some of the experiments presented in Table 1 
using k=6 and varying n.  

 
Note: In the EUREKA 499 – HGV test presented in Figure 2, the ventilation was stopped 
during the time period 13.5 to 16.5 minutes from ignition and the time used in equation 
(1) was adjusted to the time when the fire spread to the trailer, i.e. 8 minutes after the 
ignition of the truck cabin. 
 
When equation (1) is integrated from t=0 to t= ∞ , we obtain the total heat content, Etot 
(kJ):  
 

k
trQ

Etot
2max ⋅⋅

=   (3) 

 
The fire duration time t2 (s) can also be derived from equation (3) if Etot (kJ) and Qmax 
(kW) are known: 

rQ
kE

t tot

⋅
⋅

=
max

2    (4) 

 
In order to use these equations we need to know or estimate at least two out of three 
different parameters; the total heat content Etot, the maximum HRR, Qmax , or the fire 
duration time, t2.  Any interventions of fire brigade are not considered in these equations. 
The choice of n will affect how fast the fire will grow initially as can be observed in 
Figure 2. In the examples given in Figure 2, n varies between 2 and 14 when k=6. When 
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n=6 and k=6, we can find the time to maximum HRR, tmax, according to the following 
equation: 
 

2max 298.0 tt ⋅=    (5) 
 
Here we assume that the global fire development in the CTFs follows the HRR curve 
according to equation (1). This is not completely true, since every vehicle involved in the 
CTF has its own time-HRR history and contributes to the global fire development in 
different ways depending on the amount of fire load and type. Knowing Etot, Qmax or t2 for 
every individual vehicle involved in the CTF it is possible with aid of equation (1) to 
develop a more accurate description of the fire development by summing up the 
contribution from each vehicle. This information has not been available and therefore a 
simple global approach has been applied. The relatively rapid fire spread between the 
vehicles in these CTFs justifies the use of equation (1) in order to describe the fire 
development in a global term. Wherever the fire development has not been known in the 
CTF presented later n=6 were used. 
 
It is possible to create a fire curve with a steady state period by summing up two curves 
of same type as equation (1). This may be necessary in cases when there are long steady 
states burning periods. This would apply in case of strongly ventilation-controlled tunnel 
fires or fully developed compartment fires in steel body type of coaches. The following 
equation is a sum of two curves as represented by equation (1), except that the constants n 
and r have been adjusted (trial and error) in order to get a non-dimensional shape of the 
curve. This curve can be developed further in order to make it more general, but for pur-
pose of this study it is assumed to be reasonably well representative for strongly ventila-
tion-controlled tunnel fires.  
 

))1(59.37)1(96.18()( 20/7/77/10/10
max

2222 −⋅+−⋅= ⋅−⋅−⋅−⋅− tttttttt eeeeQtQ  (6) 
 
The steady state period is in the time range of 224.0 t⋅  to 235.0 t⋅ . This equation has not 
been validated for any type of ventilation-controlled tunnel fires simply because no such 
data exists. Equations (1) and (6) have been applied in Figure 3 for the Channel tunnel 
accident in 1996.  
 
The fire duration time, t2, in this case can be obtained with the following equation: 
 

max
2 03.2

Q
E

t tot×=    (7) 

 
In the following these equations will be applied in order to create a fire development 
curve (HRR) for five known CTF. In Table 3, a summary of all the results presented for 
each CTF is given.    
 
The Baku fire 
 
The disastrous fire in the subway of Baku, the capitol of Azerbaijan, occurred 28th of 
October 1995 and 289 people where killed and 256 severely injured. In the following, we 
will focus on the fire and smoke development with aid of the article given by Hedenfalk 
et al [12].  
 
The train that caught fire was comprised of five coaches where coach number has been 
designated as the drivers coach. The total length of the train set was 100 m and every 
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coach was 19.2 m long, 3.65 m high and 2.7 m wide. At the station Uldus there was a 
failure of the electrical equipment of the rear bogie of the fourth coach. When the train 
started towards the station Narimanov 2.2 km from Uldus, the passengers of coach 
number five could smell smoke. The smoke was sucked in through the ventilator. The 
train driver noticed that an unknown malfunction of the train occurred and the train 
stopped at a distance of 200 m from the Uldus station. When the train stopped, the tunnel 
was quickly filled with smoke, but the first, second and the third coaches were quite free 
from smoke due to the ventilation direction. In the fourth coach, the fire had not yet 
spread to the interior material to any greater extent. The main structure of the coach was 
made of steel, the windows of tempered glass, and the door of aluminium. The 
combustible material mainly consisted of the linoleum floor, seats made of expanded 
plastic foam and wood, and the wall and ceiling plastic laminate coverings. In addition to 
this, there were cables and other electrical equipment.   
 
Under the fourth coach the intensity of the electrical arc grew and new electrical arcs 
occurred. A hole was created through the floor of the fourth coach (blowtorch effect due 
to a hole in an air compressor) and the cable fire under the coach started to spread 
upwards through the hole and ignited the seats. At the same time the fire spread under the 
coach to both sides. The fire started to spread into the fourth coach after approximately 15 
minutes after the train stopped. The fire spread from the fourth coach to the fifth and the 
combustible material in both coaches was almost entirely consumed in the fire. Approxi-
mately 220 passengers were killed and later found in the first three coaches. The venti-
lation direction was changed (Ulsten ->Narimanov) at sometime when the fire was still 
developing. The fire never spread to the first three coaches but the smoke intensity was 
very high there, which explains the high number of deaths in these coaches.  
 
In order to reconstruct the fire development we need to make assumptions concerning the 
total heat content Etot and the maximum HRR Qmax. The coaches are of the Russian so-
called E-type corresponding to the coaches in Moscow, and other underground subways 
in Eastern Europe. In the EUREKA 499 a test with a German subway test (aluminium 
body) was carried out (see Table 2) which has nearly the same geometrical size as the 
Baku coaches. There is no information on Etot for the Baku coaches available, but if we 
assume that Etot is at least in the same order as the German subway coach (see Table 2), it 
can be estimated to be in the range of 40 – 50 GJ for each coach, i.e. 80 – 100 GJ for both 
coaches that were burned. Next we estimate Qmax based on flashover in a compartment 
fire. Ingason [13] presented an equation to estimate Qmax for fires in steel body type of 
coaches (dry) in tunnels:  
 

hAQ ×××= 150067.1max    (8) 
 
This equation is based on calculation of a flash-over in a compartment and model scale 
tests (1:10) of a train coach. The rate at which air enters the coach compartment through 
window and doors is insufficient to burn all the volatiles pyrolysed within the coach 
compartment and the excess volatiles will be carried through the opening with the out-
flowing combustion products. This is normally accompanied by external flaming outside 
the opening. In equation (8) it is assumed that 67 % of the combustion occurs outside the 
coaches.  In the Baku fire we have a steel body coach with a window and door area of 
approximately 15 m2, where the window height is about 1.2 m and door height is about 
2.1 m. This would mean that hA× =18 m5/2  and thus Qmax=45 MW for one coach 
(Qmax=90 MW for two coaches).  The maximum intensity of the fourth coach is not 
necessarily occurring when the fifth coach obtain its maximum value. A conservative 
estimation is that the maximum of the fourth coach has decay down to approximately half 
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of the maximum value ( 235.2245
2
1 ≈=×  MW) when the fifth coach obtains its 

maximum. This would correspond to a maximum value of both of 68 MW (45+23). 
Consequently, we can estimate the total of both to be in the range of approximately 70 to 
90 MW. Since this fire has occurred in a steel body type of coach we can expect the fire 
to behave more like a flash-over fire in a compartment with a relatively steady state 
period when the fire is most intensive. Therefore we use equation (7) to estimate t2. Using 
all possible combinations of Etot (80 and 100 GJ) and Qmax (70 and 90 MW) we find that t2 
can be estimated to be in the range of 30 – 50 minutes.  
 
The Channel tunnel fire 
 
A large fire involving ten HGVs occurred in the 50 km Channel tunnel between France 
and England in 1996.  A shuttle train travelling from France to the UK caught fire and 
stopped approximately 19 km from the French portal. Estimates in the inquiry report [14] 
say that the fire was detected at 21:53, and the train stopped at 21:58.  At this stage, the 
ventilation direction was towards the UK.  After the train stopped, and until the Supple-
mentary Ventilation System (SVS) (100 m³/s) was activated at 22:22, the fire involved at 
least three HGVs.  The load on two of these consisted of pineapples, and one was loaded 
with cornflakes.  It is concluded in the inquiry report [14] that the pineapples did not con-
tribute significantly to the fire, but that the structures of the refrigerated trailers did.  
 
 

 
 
Figure 3.   The HRR curve given by Liew et al [15] and the HRR curve according to 

equation (1) using n=4 and k=6 and equation (6). In both cases Qmax=370 
MW and Etot=2200 GJ have been used.  

 
The fact that the fire load in these two HGVs consisted of pineapples contributed to the 
slow spread of fire towards the UK. Once the SVS was activated, the flow direction 
changed from the UK to France.  The total volumetric flow was 100 m3/s, or an average 
of about 2.2 m/s over the cross-section.  The fire became much larger and spread rapidly 
towards France, involving seven more HGVs at this point.  Although few of the loads 
were especially combustible, the trailers themselves would have contributed to the fire.  
Only frozen fat (20 tonne) and clothing loads provided significant combustible materials, 
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with the frozen fat becoming a major source of fuel. During the period of burning during 
this phase (over three hours), the fire did not spread substantially towards the UK.  
Towards France, the seven HGVs burned violently, creating a 370 MW fire at its maxi-
mum according to the inquiry report [14]. This number is based on the assumption that all 
available oxygen (100 m3/s) was consumed in the fire.  According to the report it was 
thought unlikely that the HRR was sustained at that level for very long.  The average 
HRR over the three-hour time period was estimated to be 150 MW. 
 
Liew et al [15] presented a HRR curve of the entire fire development (see Figure 3), 
which show that Qmax of 370 MW occurred 56 - 60 minutes into the fire and after 130 – 
150 minutes (2.5 h) the HRR levels off at about 104 MW. According to Liew et al [15] 
the fire brigade started to tackle the fire approximately 120 min (2 h) after the start of the 
incident and that four HGVs were involved at that stage. The fire brigade reported that 
the fire was under control at 00:25 (152 min or about 2.5 h after the start of the incident), 
at which point two of the HGVs would still have been burning strongly had there been no 
intervention by the fire brigade. The maximum possible fire load, Etot, was estimated by 
Liew et al. to be 2200 GJ.  
 
In Figure 3, both Q(t) from equation (1) and equation (6) have been plotted. Equation (1) 
fits reasonably well (n=4, k=6) to the curve given by Liew et al. but since the fire most 
likely was ventilation-controlled during some period, Q(t) based on equation (6) is plotted 
as well. Equation (7) gives us t2=201 minutes (3 h and 21 minutes) had there been no 
intervention by the fire brigade.  
 
The Channel tunnel fire shows the importance of fire ventilation on the spread of flame 
and the fire size.  If the ventilation system had not been activated, the fire would not have 
spread to the other HGVs as quickly.  However, fire fighting and rescue of persons from 
the train would have been much more complicated.  The real catastrophe would have 
occurred if the SVS (100 m3/s) had been directed from France towards the UK.  This 
would have involved 18 HGVs instead of seven, and victims would have died in the 
passenger coach at the front of the train.  This clearly shows the importance of correct 
ventilation management and its effect on fire development.   
 
The Mont Blanc tunnel fire 
 
The Mont Blanc fire accident in 1999 is thoroughly described in an inquiry report written 
by Duffé and Marec [16]. A more brief description of the Mont Blanc fire accident and its 
consequences is given by Lacroix [17]. The Mont Blanc tunnel accident occurred on the 
24th of March 1999 and 39 people lost their lives. The tunnel is 11.6 km long, with a 
cross-section of approximately 50 m2. The tunnel section is formed like a vault with the 
highest point 6 m above the road surface. The tunnel width is 8.5 m.  
 
The fire started to develop in a HGV at a location 6.5 km from the French entrance (HGV 
0). The vehicles entering from the French side came to stop behind the HGV 0. A total of 
15 HGVs (inclusive HGV 0) were burned over a distance of 500 m where the longest 
distance separating the HGVs was 45 m and the shortest 3 m. Also 9 passenger cars, a 
pickup van and a motorcycle were interspersed among them. There were also 8 HGVs 
entering from the Italian side which were burned in the fire. The 8 HGVs were standing 
in a queue where the first HGV was nearly 290 m from the HGV 0. The distance 
separating the 8 HGVs varied between 2 m and 30 m. The longitudinal ventilation 
velocity (from Italy to France) at 6.5 km from the French entrance (where HGV 0 
stopped) was estimated to be 1 to 1.5 m/s.  The ventilation system consisted of transverse 
ventilation with air supply at a lower level and extraction or supply at higher levels, 
depending on the operational situation. The estimated longitudinal flow was 50 – 70 m3/s 
at this location and the fresh air was 10 m3/s. The inquiry report [16] discusses the 
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possible maximum HRR based on the amount of oxygen available at different stages of 
the fire.  The report estimates that the HRR created by the first trailer (HGV 0) could be 
somewhere between 75 MW and 110 MW and the fire lasted for 1.5 – 2 h.  These values 
presuppose that at most half of the oxygen in the longitudinal air flow (50-70 m3/s) 
crossing the section where the first truck was located was consumed. This is a reasonable 
assumption since certain part of the air (oxygen) will bypass the HGV0 and not 
participate in the combustion.  
 
It is known that the vehicles entering from the French portal were burned within a 
distance of 500 m. This includes 15 HGVs, one pickup van, 9 passenger cars and one 
motorcycle. Fresh air was supplied at regular distances, at least 10 m3/s at all lay-bys (a 
place to allow traffic to pass by, c/c 300 m), including the one where HGV 0 stopped. 
According to the Duffé and Marec [16] and Lacriox [17] the maximum HRR for the 
entire area (500 m) with vehicles entered from the French portal, was estimated to be in 
the range of 150 to 190 MW. These values presuppose that at most half of the oxygen 
was consumed. The total heat content for these vehicles was estimated to be 5000 – 7000 
GJ [16]. Based on this the vehicles were estimated to have burned for 7 to 13 hours, 
according to the report (the calorific values 5000 and 7000 GJ match up to a steady state 
burning of 150 MW for 9 and 13 h, respectively). The total heat content of the 8 HGVs 
on the Italian side was estimated to be 1100 – 1800 GJ.  
 
As the total combustion zone was very long (500 m), it is likely that more oxygen was 
actually used than assumed.  That would result in an even higher HRR than given above.  
If we assume that essentially all the oxygen available was consumed at the time when 
numerous HGVs were involved in the fire, we find out that the maximum HRR was more 
likely to be twice their estimate. Therefore the maximum HRR for the vehicles entering 
from the French side could be as much as 300 to 380 MW, although the fire created by 
the 8 HGVs further upstream can easily influence the combustion of these15 HGVs. The 
problem is that it is not known with any certainty when the fire in the 8 HGVs started or 
how it started.  
 
We know from the report of Duffé and Marec [16] that Etot=5000 – 7000 GJ for the 
vehicles entering from the French portal. We also know that Qmax is more likely to be 300 
– 380 MW rather than 150 – 190 MW due to the fact that all the oxygen must have been 
used when the fire was most intensive. Based on this we can use equation (7) to estimate 
the fire duration time t2 since this fire have been strongly ventilation-controlled. 
According to equation (7) the fire duration is found to be in the range of 9.4 – 13.1 h, 
which should be compared to 7 – 13 h reported by Duffé and Marec [16]. The highest 
HRR for the vehicles entering from the French side would then have occurred after more 
than 2 hours. The numbers given here should be regarded as approximate since the influ-
ences of the vehicles entering from the Italian side (8 HGVs) have not been considered in 
this estimation.  
 
The Tauern tunnel fire 
 
The Tauern tunnel accident occurred early in the morning on the 29th of May 1999 and 12 
people lost their lives. The tunnel is 6400 m long, 9.5 m wide and 5 m high. The ventila-
tion system in the Tauern tunnel consisted of a full transverse ventilation with 4 ventila-
tion sections. The maximum volume of fresh air, according to the ventilation calculation, 
is approximately 190 m3/s/km and the maximum volume of exhaust air is approximately 
115 m3/s/km. Exhaust air openings are situated every 6 m in the tunnel ceiling. In the 
following we will focus on the fire and smoke development with aid of the article given 
by Eberl [18].  
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The accident occurred 750 m from the north portal and was initially caused by a rear-end 
collision. A truck loaded with various types of spray cans, including paint of class 9 dan-
gerous goods, was travelling north and had to pull up behind a number of vehicles already 
waiting in front of the traffic lights at the construction site causing the queue. Four other 
vehicles stopped behind the HGV without incident. A second HGV approached and 
rammed into the waiting traffic pushing two cars under the halted HGV loaded with the 
spray cans and pressing two cars up against the tunnel wall. After the rear end collision 
the fuel tanks of the cars were ripped open and the fuel poured out and ignited. A major 
fire then broke out early in the morning at 04:48. The fire alarm in the control room was 
activated at 04:50. When the fire started, the fire alarm started the ventilation system in 
the north fourth section where the accident occurred. The ventilation system extracted 
230 m3/s upwards into the exhaust-air duct but no fresh air was supplied through the other 
three sections of the ventilation system (only through portals). Initially, the smoke lay 
essentially along the ceiling with a smoke-free zone created near the road. This layering 
was maintained for at least 10 to 15 minutes. Although the smoke was still being success-
fully extracted, the heat and smoke generated was ultimately so great that it was no longer 
possible to keep the carriageway free of smoke and the smoke began to flow towards the 
northern portal. The third ventilation section was then turn to full supply (at about 05:30), 
which in turn served to press the smoke towards the northern portal and partly preventing 
smoke to travel towards the south portal.  
 
As the longitudinal flow was from the south portal to the north the fire fighters were able 
to proceed at 06:00 (1 h, 12 min) more than 5 km into the tunnel. They rescued 3 people 
from a shelter and found one dead person on the roadway. In order to move forward they 
extinguished 7 lorries and 12 cars [19] over a distance of 400 m. Due to the enormous 
heat it was decided to withdraw at 09:15 (4 h, 27 min) in order to attack the fire from the 
north portal. For this purpose the direction of the longitudinal flow was changed. The 
third section of the ventilation system was switched to extraction, thereby pushing the 
smoke towards the south and into the exhaust-air duct. As a result the smoke in the 
northern section of the tunnel gradually began to clear, allowing the fire brigade to tackle 
the fire from the north portal. At 11:00 (6 h, 12 min) it is reported that the temperatures 
slowly began to drop.  
 
Between 11:00 and 15:00 no attempts to fight the fire from the north portal were made 
due to the risk of collapse [20]. During the afternoon a caterpillar cleared the road of 
spalled concrete. At about 15:00 (10 h, 12 minutes) a heavy pump water tender equipped 
with a remote water cannon using fire fighting foam entered from the north portal and 
started to extinguish one car after another. At 17:00 (about 12 h) the fire was proclaimed 
under control. After about 16 h from the ignition (at 21:00) the fire was declared extin-
guished [20]. After the fire it was stated that 16 HGVs and 24 cars were burned in the 
fire. The damage to the tunnel was mainly in the intermediate ceiling, the inner concrete 
of the tunnel walls over a length of 350 m, the concrete carriageway surfacing and the 
niches over a length of 900 m.  
 
Based on this information it is clear that the fire was rather intensive up to at least 6 h and 
probably most intensive between 2 – 4 h from ignition. During the last 4 hours (> 12 h) 
before extinction the fire probably consisted mainly of glowing embers and small flames 
from the wrecks. Intensive fire development in any of the vehicles is not likely within this 
time period (12 – 16 h from ignition). Based on this we can estimate the fire duration, t2, 
(> 3% of the maximum HRR) to be not more than 10  – 12 h.      
 
Based on this limited information we can estimate Qmax obtained in this CTF. The diffi-
culty here lies in determining the role the 7 lorries and 12 cars, which were extinguished 
rather early in the fire, played in the initial fire development. Here, we assume that 16 
HGV´s and 24 cars were involved in the fire. It is obvious that the fire became fully 
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developed and spread to numerous HGVs during a short time period. The main combus-
tion zone was at least 350 m long but not more than 900 m. Therefore Qmax may have 
been dictated by the available oxygen supply. If we assume that 230 m3/s were extracted 
from the tunnel at least the same amount would have entered the tunnel at the portals 
since the supply ventilation was not on in the early stage of the fire. This may be an over-
estimate if the volume flow was determined for the hot exhaust flow. Usually the tem-
perature should not exceed more than 200 ºC close to the fan in order to not damage 
them. Thus, the air-flow at the portals would be lower or 143 m3/s. This means that the 
mass flow rate of air (oxygen) in the exhaust ducts was either 170 kg/s or 270 kg/s 
depending on what temperature the volume flow of 230 m3/s was determined at.  The 
ventilation was changed to full supply of the third section after about 40 minutes and then 
the third section was changed to full extraction after more than 4 and 1/2 hour. These 
manoeuvres with the ventilation system must evidently have influenced the fire 
development.   
 
If we assume that all the oxygen was consumed in the fire when it was in the most intense 
period one could calculate that the Qmax is in the range of 500 to 750 MW (13.1 MJ/kg O2 
×0.231×170 kg/s=514 MW and 13.1×0.231×270=753 MW).  In order to estimate the 
fire duration time, t2, we need to know the total fire load, Etot. We have no information 
about the fire load in this accident but we know from Duffé and Marec [16] that generally 
accepted values for heat loads are 5 to 12 GJ of light vehicles (passenger cars), 50 GJ for 
bus and 150 GJ for a HGV carrying an averagely combustible load. The average fire load 
of the HGVs involved in the Eurotunnel fire and the Mont Blanc fire is 272 GJ. Since we 
have no information about the fire load we assume the average fire load to be in the range 
of 150 - 270 GJ for a HGV and 5 GJ for other vehicles (the average of Table 1 for tests 
with single passenger cars is 4.7 GJ). This means that the total fire load can be estimated 
to be in the range of 2500 – 4400 GJ.  
 
Now we can estimate the fire duration time, t2, by using Qmax ranging from 500 – 750 
MW and Etot from 2500 – 4400 GJ. We use equation (4) (n=6, k=6) since this fire is most 
likely fuel controlled because of the high ventilation rate. The fire duration is found to be 
in the range of 2.2 h and 5.9 h. Here, 2.2 h is far too low compared to what was experi-
enced by the fire brigade. They had to retreat after about 4 h due to the heat. Therefore, 
the assumption about all the oxygen was consumed in the fire is an overestimation. If we 
assume that the Qmax is the range of 300 – 400 MW (as in the Eurotunnel and Mont Blanc 
tunnel fire, although they were most likely ventilation-controlled) and Etot is in the range 
of 4000 - 4500 GJ we obtain t2 in the range of 6.7 – 10 h, which appears to be more 
reasonable. According to equation (5), Qmax would have occurred between 2 – 3 h. Due to 
the limited information available and the manoeuvres with the ventilation system it is 
difficult to obtain any reliable estimates for this CTF.  
 
The Kaprun fire 
 
The Kaprun tunnel fire occurred on the 11th of November 2000 in a funicular train coach 
and 155 people lost their lives. The train coach was 30.4 m long, 1.8 m wide and 2.9 m 
high. The tunnel is 3300 m long with an average slope of 43%.  The cross-section is like a 
circular tube with a diameter ranging from approximately 3.4 - 3.6 m. The total cross-
sectional area ranges, therefore, from 9 – 10 m2. The fire started in the lower driver’s 
cabin and resulted in a stop 600 m from the entrance of the tunnel at 09:05 in the 
morning. At the same time there was another funicular train on the way down which also 
stopped 1.5 km from the other train. These trains can meet in a passing section halfway 
through the tunnel. From this meeting section (intermediate station), which is 750 m from 
the burning train, a 700 m long horizontal rescue tunnel leads to the outside. In the 
following, we will focus on the fire and smoke development with aid of the article pub-
lished by Schupfer [21]. 
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The only witness information given about the fire development is from the 12 people who 
escaped downwards in the tunnel. They saw smoke in the lower drivers cab and, after the 
train entered the tunnel, a small fire in the area of the floor of the drivers cab. They could 
roughly indicate the location of the initial fire.  An investigation performed after the acci-
dent blame ignition on a faulty heater. The heater was in the lower driver's cabin and it is 
believed it became blocked, causing overheating in pipe work. Hot oil emerged onto the 
cabin's plastic floor, which ignited. The fire starts to spread within the cabin. Due to the 
fact that a window in the lower part of the train was smashed, the flames in the cabin 
where probably influenced by the high flow currents created by the natural ventilation 
outside the train. The natural ventilation in the tunnel at that time is estimated to be 10 
m/s, which would mean that the velocity around the train was much higher or about 20 
m/s. This must have been a crucial factor for the continued fire spread. How the fire 
spreads within the train is not known at the time of writing but we can assume that it be-
came fully developed and the aluminium body was melted and at some stage we have a 
fire which is limited to the floor area of the train and on the tunnel ground surface under 
and beside the train. The composition of the material in the train is not known but the fire 
load associated with the passengers (clothes, skies etc.) is not negligible.    
 
The fire brigade arrive at 09:20. A first reconnaissance team reached the tunnel lower 
portal via the steel bridge at 09:25. They met the 12 survivors who were able to escape 
downwards. At 09:35, i.e. about half an hour after the train stopped, the operation was 
annulled because the lower hauling rope of the funicular train snapped and shot downhill. 
This information gives an indication of the intensity of the fire at this moment. At 10:15 a 
rescue team tried to enter the tunnel at the intermediate station, but are stopped by the 
heavy smoke. At 11:30 a rescue team is sent up to the train from the lower portal. At 
12:05 they can confirm that the train has been completely burned out and that no survi-
vors can be found [22].  
 
The fire has not been more than 3 h (fire declared over) and not less than 1 h (due to the 
heavy smoke in the tunnel connecting to the intermediate station). The fire is so intense 
after about 30 minutes from the start of the fire that the hauling rope snaps. Based on this 
information we can postulate that the fire duration time t2 was somewhere between 1 h to 
2 h. 
 
Despite the limited information we have access to we can try to reconstruct the fire 
development. Since the train body was made of aluminium it is likely that the fire trans-
formed into a pool fire. If we accept the fact that the fire transforms from an enclosure 
fire to a pool fire within a certain time we can make an estimation of the maximum HRR. 
We assume that most of the material burning is a mixture of clothes, plastics and oil 
burning on the floor of the train and on the ground surface under the train and beside the 
train. The average HRR per square meter burning area is estimated to be in the range of 
300 – 600 kW/m2. This is a realistic numbers for burning plastics and cellulosic material. 
The total burning surface would be somewhere between 55 – 110 m2 (30.4 m ×1.8 m= 55 
m2). This would give us the order of magnitude of the fire, i.e. somewhere in the range of 
15 – 65 MW. We have no information about the Etot but if we use equation (3) and Qmax 
=65 MW, we find out assuming t2 to be 1 – 2 h that Etot would be in the range of 
approximately 100 – 200 GJ. This is not possible for the train involved here. Therefore, if 
we assume that the fire duration is not more than 1 h and Qmax to be 15 – 30 MW we find 
out that Etot is in the range of 23 – 45 GJ. In Table 2 we see that an aluminium subway 
coach have Etot=41 GJ. The fire load of the funicular train (30.5 m long and 1.8 m wide) 
must be much lower than the subway coach (18 m long and 2.9 m wide) in Table 2. 
Therefore, it is more likely that the total fire load is closer to 20 – 30 GJ rather than 40 – 
45 GJ. Consequently, either the fire duration is lower than 1 h, say 0.75 h, with maximum 
HRR not more than 20 MW or it is 15 MW and the fire duration is approximately 1 h. In 
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order to do this more accurately we need more information about the fire load and the fire 
duration. Best estimate at the moment is that Qmax is in the range of 15 – 20 MW and t2 in 
the range of 0.75 - 1 h (45 – 60 minutes). This would mean that tmax (equation (5)) is in 
the range of 13 – 18 minutes from stop of the train, which comply well with the fact that 
the hauling rope snapped after about 30 minutes. 
 
Based on this exercise we can state that the fire was not ventilation-controlled. Calcula-
tions show that the ventilation rate is in the area of 100 m3/s in beginning of the fire and 
about 150-200 m3/s when the fire is in its most intense period (average velocity of 15 - 20 
m/s). If the fire were ventilation-controlled it would have been over 400 MW, which is 
not realistic for such low fire load.  
 
SUMMARY OF THE ESTIMATION OF FIRE DEVELOPMENT FROM CTF 
 
Table 3. A summary of the estimations presented for each of the CTF is given. The 

numbers from the text have been adjusted to nearest even number.  
Accident, year Vehicle type Tunnel 

cross-
section

 
 

(m2) 

Estimated 
total heat 

content, Etot 
 
 

(GJ) 

Estimated 
maximum 
HRR, Qmax

 
 

(MW) 

Estimated 
time to 
Qmax 

 
 
 

Estimated 
fire 

duration, 
t2 
 
 

Fuel or 
ventilation 
controlled 
tunnel fire

Baku 1995 2 metro 
coaches 

28 80-100 70-90 10 – 15 
min 

30 – 50 
min 

Fuel 
controlled 

Kaprun 2001 Funicular 
train  

9 - 10 20 - 30 15 - 20 15 – 20 
min 

45 – 60 
min 

Fuel 
controlled 

Channel 
tunnel 1996 

10 HGV 45  2200 370 1 h 2.5 (3.4) 
h  

Ventilation 
controlled 

Mont Blanc 
1999  

15 HGV, 9 
cars * 

50 5000 - 7000 300 – 380 2 – 3 h 9 – 13 h Ventilation 
controlled 

Tauern 1999 16 HGV, 24 
cars 

45 4000 – 4500 300 – 400 2 – 3 h 7 – 10 h Fuel 
controlled 

Note: The estimations given here are in many cases based on rather limited information and should not be regarded as any 
exact estimation. It is based on crude engineering approaches and the purpose is to get an idea of order of magnitudes rather 
than exact numbers. With new and more reliable information on Etot, Qmax or t2 these values may need to be revised. 
 
* vehicles entering the French portal 
 
CONCLUSIONS 
 
Estimates of the fire development in CTF are presented. It takes into account whether the 
fire is fuel controlled or ventilation controlled. The analysis is by no means exact but it 
gives an idea of the orders of magnitudes of the maximum heat release rate, the total fire 
load and the fire duration. The method is entirely dependent on the accuracy of the infor-
mation obtained from different incident reports.   
 
Estimates indicate that CTFs are consistently larger than design fires typically used in 
tunnel design and construction. Indeed, the number of deaths associated with recent CTFs 
would indicate that upgrading of existing tunnel fire protection is necessary throughout 
Europe (possibly world wide) if new catastrophes are to be avoided. 
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1. INTRODUCTION 
 
The Gotthard road tunnel was between 1980 and 2000, at the opening of the Laerdal 
tunnel, the world’s longest road tunnel. It is part of the Swiss A2, one of the major 
European road connections through the Alps. The traffic volume through the Gotthard 
tunnel increased steadily over the years and exceeded yearly 6.8 million vehicles, with an 
average HGV percentage of over 20%, with a typical working day HGV percentage of the 
order of 30-40%.  
 
Several accidents and fires occurred in the Gotthard tunnel in the past, none of them with 
serious consequences. Nonetheless, the dramatically increased risk level resulting from 
the increased traffic volume called for compensating measures. For this reason it had 
been decided to upgrade the ventilation system through the realization of smoke-
extraction dampers. Planning was complete and the realization was in progress as the fire 
of 24 October 2001 occurred.  
 

  
 
Figure 1:  Dramatic views of the fire of 24 October 2001, taken from the south. 

(Pictures Claudio Grassi.) 
 
After a short presentation of the Gotthard tunnel, most of this paper will illustrate the fire 
development, its consequences and some aspects of the effort carried out for reopening 
and improving the tunnel. 
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Figure 2:  Smoke extraction at the southern entrance. 
 
2. THE GOTTHARD ROAD TUNNEL 
 
2.1  Introduction 
 
A concise description of the main characteristics of the Gotthard road tunnel will be pro-
vided in this chapter, with particular focus on the aspects important for fire safety. Full 
details on the tunnel are provided in [8], while the historical perspective is provided in 
[7]. 
 
2.2 Tunnel Location 
 
The Gotthard road tunnel is part of the Swiss A2, one of the major European road 
connections through the Alps, which connects the Italian border (Chiasso) with Germany 
and France (Basel). The tunnel is located entirely in Switzerland, between Airolo (1’145 
m above sea level) and Göschenen (1’081 m above sea level). The location is illustrated 
in Figure 3. 

  
 
Figure 3:  Location of the Gotthard road tunnel. 
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2.3 Tunnel Data 
 
The main characteristics of the Gotthard road tunnel can be summarized as follows: 
 
♦ Realization 1969 – 1980 
♦ Opening 5 September 1980 
♦ Length 16’918 m 
♦ Traffic bidirectional, 2 lanes 
♦ Cross-section 41 m2 
♦ Width traffic section 7.8 m (+ 2 x 0.7 m pavements + 

technical space) 
♦ Height traffic section 4.5 m 
♦ Slope (north -> south) +1.4% over 6’686 m 

+0.3% over 2’035 m 
-0.3% over 8’197 m 

♦ Ventilation Transverse 
6 ventilation sections 
6 ventilation stations 
4 ventilation shafts (length up to 844 m) 
22 fans 

♦ Safety Parallel safety tunnel with 8 m2 
cross section 
64 shelters every 250 m, with a floor 
surface of about 70 m2 each 

   
 

 
 
Figure 4:  Tunnel section. Left : north side ; Right : south side. The different profiles 

resulted from a techno-economical optimization and are related to the 
location of the ventilation shafts.  
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2.4 Ventilation System 
 
The ventilation of the Gotthard road tunnel is of the transverse type, Figure 5 and 
Figure 6. Fresh air is evenly distributed by means of ports located in the lower part of the 
sidewalls at an approximate distance of about 16 m. The exhaust extraction occurred 
through fixed exhaust nozzles every 8-16 m in the false ceiling. They were calibrated in 
order to achieve a uniform exhaust distribution in each of the ventilation sections. The 
ventilation regime could be adjusted differently in each ventilation sector, but the fresh-
air and exhaust were strictly constant within every section. 
 
 
 

   
 
Figure 5: Ventilation system of the Gotthard road tunnel. 
 
The system is particularly powerful, as it can be illustrated by a few key figures: 
♦ Max. fresh air flowrate 2’150 m3/s (additionally 30% reserve) 
♦ Max. exhaust flowrate 2’150 m3/s 
♦ Installed power  23 MW 
 
The peak fresh-air and exhaust rate correspond to 125-130 m3/s,km. Full details on the 
ventilation system are provided in [8]. 
 
All ventilation sectors are equipped with fresh air and exhaust ventilators on both ends, in 
order to achieve higher flowrates and allow for a redundancy in case of technical defects. 
The only exception is the southernmost sector, between the entrance Airolo and the 
ventilation station Motto di Dentro. This sector, where the fire occurred, is ventilated only 
through the central Airolo (see Figure 6). This resulted form the techno-economical 
optimizations carried out in the planning phase. This characteristic had no influence on 
the ventilation’s effectiveness in the case tragic fire of 24 October 2001, since no defaults 
were registered in the ventilation station Airolo. 
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Figure 6:  The ventilation of the Gotthard road tunnel, with 4 shafts and 6 ventilation 

stations. The fire occurred in the southernmost part, between the ventila-
tion station Motto di Dentro and the portal Airolo, on the right-hand side 
in this picture. 

 
In normal operating conditions the tunnel is operated either in a transverse or in a semi-
transverse mode. If operated as transverse ventilation, the fresh air and exhaust fluxes are 
equal in each ventilation sector. In case of semi-transverse operation the fresh-air 
injection fans are operated normally, the exhaust fans are inactive and the exhaust occurs 
through open by-pass dampers located at the base of the ventilation shafts. This second 
operating mode is particularly convenient from an energetic point of view, because of the 
powerful thermal effects in the high exhaust shafts, and was frequently used in case of 
low traffic. 
 
It should be noted that the exhaust system was being modified at the time of the incident. 
The main objective was the introduction of a localized smoke extraction in case of fire, 
by means of remotely controlled dampers. This effort, now completed, is illustrated in 
chapter 5. The system’s functionality at the time of the incident was entirely guaranteed 
and was not affected as any time by the upgrade effort in progress. The new opening in 
the false ceiling, realized for installing the dampers, were completed and closed tempo-
rarily by means of wood panels. 
 
2.5 Shelters 
 
A safety tunnel was realized parallel to the tunnel, over the whole length. Shelters 
connect the traffic section with the safety tunnel every 250 m, as presented in Figure 7. 
The shelters are pressurized and ventilated through the safety tunnel, independently from 
the main tunnel, and protected on both sides by fire-resistant doors. Their excellent func-
tionality has been proved in a number of fires. 
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Figure 7:  Shelters and safety tunnel of the Gotthard road tunnel (top: shelter lay-

out; bottom: shelter entrance seen from the tunnel, with sliding door and 
water supply). 

 
2.6 Other Safety Equipments 
 
Among the safety systems one should note in particular: 
♦ Full CCTV coverage (88 cameras); 
♦ Fire-detection system with punctual thermal sensors every about 25 m; 
♦ Liquid-fuel collection ports and duct along the whole length; 
♦ SOS niches with phones and fire extinguishers every 125 m; 
♦ Connections to the hydraulic system (pipe located in the safety tunnel, connections 

inside and outside the shelters) every 250 m; 
♦ Emergency lights on the lower part of the sidewall, shelter side, every 50 m; 
♦ Traffic lights every 250 m; 
♦ Full FM (with possibility of inserting service and emergency messages), service radio 

and GSM coverage. 
 
2.7 Traffic 
 
The traffic volumes in the Gotthard tunnel are much higher than for the other major 
alpine tunnels, Figure 8. The overall traffic volume increased from 2 Mio vehicles/year 
(project data) to 2.9 Mio (1981) and to 6.5 Mio (1999), with over 20% HGVs. It should 
be noted in this context that the total yearly traffic volume through the Mont Blanc and 
Fréjus is of the order of 4 Mio vehicles, even if with an higher percentage of HGVs. The 
average number of HGVs on working days was about 5’500 HGVs/day. 
 
Only small amounts of dangerous goods (ADR) are allowed. The tunnel is toll free and 
the vehicles are not stopped at the entrances. There are no systematic checks of the 
vehicles and their loading before entering the tunnel. 
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Figure 8:  Evolution of yearly traffic through the Gotthard Tunnel.  
 
2.8 Previous Fires 
 
A total of 844 accidents were registered till 2001, with a total of 67 fires after 1992. 
Between 1992 and 1998 42 vehicle fires resulted in the Gotthard Tunnel. Cars were 
involved in 21 cases, buses in 7 cases and lorries on 14 occasions. During the same 
period, 5.7 fires occurred per 100 million driven km. Another long-term set of statistics 
relating to the operation of the Gotthard Tunnel comes up with the figure of 4 fires per 
100 million driven km, related to all vehicles, or 6 fires per 100 million driven km related 
only to lorries [1]. 
 

   
 
Figure 9: The fire of 31 October 1997 destroyed a truck carrying 8 cars. The fire 

location was similar to the one of the 2001 fire, about 1 km from the 
southern entrance. The fire could be extinguished within about 1.5 h and 
the tunnel reopened less than 13 hours after fire onset [5]. 

 
The most severe fires registered in the Gotthard Tunnel were: 
♦ 31 October 1997: HGV loaded with 8 cars (Figure 9). Heavy damages to the tunnel 

structure. 
♦ 17 September 1997: Complete combustion of a bus. 
♦ 5 July 1994: HGV. Heavy damages to the tunnel structure. 
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♦ 1990: Collision of a HGV with several hundred empty gas bottles, which had been 
used for a highly explosive gas. Dispersion of small amounts of gas within the 
tunnel. 

♦ 1984: HGV loaded with transparents. Important damages to the tunnel structure.  
 
Previous fires are reviewed in [5]. Before 2001 there were no victims or injuries caused 
by fire. The longest closure was 2 days and damages up to 1.5 Mio Swiss francs. The 
yearly number of accidents in the Gotthard tunnel is 55, with an average of 4 fires [5]. 
 
3. OCTOBER 24, 2001: FIRE ORIGIN AND DEVELOPMENT 
 
3.1 Main Events 
 
The press releases of the police (Polizia Cantonale Ticinese) resumed the events of 24 
October 2001 as follows:  
♦ At 09:39 of 24.10.2001 a HGV comes into the opposite lane at 1.1 km from the 

southern entrance of the Gotthard road tunnel and collides with another HGV driving 
correctly in direction north – south. 

♦ First alarm at 09:40 given by a user by portable phone to the general emergency 
number 112. 

♦ At that time the southern entrance to the tunnel was closed because of a HGV which 
exceeded the allowed height. 

♦ Police intervention was rapid, as a police car was checking the vehicle mentioned 
above at the southern portal. 

♦ At 09:44 beginning of intervention. 
♦ At 10:18 collapse of the false ceiling at the fire location. 
 
3.2 Fire Origin 
 
The fire was originated by the frontal collision of two HGVs. The accident and fire 
dynamics could be reconstructed in great detail based on witness’s information, analysis 
of the wrecks and numerical simulation [9]. The accident can be best illustrated based on 
Figure 11, a dramatic picture taken form South a few minutes after the accident. The key 
events can be summarized as follows: 
 
♦ The Belgian vehicle (on the left-hand side of Figure 11) entered from the south 

portal, collided against the right tunnel wall and invaded the opposite lane, colliding 
against the opposite tunnel wall. This vehicle carried various goods, among them 
photographic film rolls. The damaged signal, the tire traces and the fire lighting of the 
tunnel are clearly visible in Figure 11, foreground right.  

♦ The second originating HGV (on the right-hand side of Figure 11), an Italian vehicle 
carrying tires, which later developed a large amount of black smoke, was driving 
correctly towards the southern portal. As the Belgian vehicle invaded his lane, the 
driver moved to the opposite lane, in a desperate tentative to avoid frontal collision.  

♦ The investigation showed that as the vehicle collided the Italian vehicle was almost at 
rest (estimated velocity 10-15 km/h), while the Belgian vehicle was still driving at an 
estimated velocity of 45 km/h, even after colliding with the tunnel walls. 

♦ The collision was limited to the right-hand sides of both HGVs. Diesel fuel spilled to 
the road from the right tank of the Belgian HGV. The contact with the hot compo-
nents of the engine (measurements carried out during the investigations proved that 
the hot engine components, in particular the turbocharger, reach a temperature of a 
few hundred degrees Celsius) let part of the fuel evaporate. The presence of “dust” 
was witnessed by one of the drivers present on site. 
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♦ Ignition was induced by a short circuit generated by a battery. Fire spread was 
extremely rapid, because of the vaporized fuel. The presence of liquid fuel was 
further proved by chemical analysis of the pavement of the accident zone. The flames 
spreading from two collecting ports of the liquid collecting system (right-hand side of 
the road in Figure 11) clearly prove this chain of events: the fuel was collected as 
intended and the flame could propagate in the collecting pipes, but was confined by 
the siphons. 

 
Figure 10: Dynamics of the accident. 
 

 
Figure 11:  Picture of the initial phase of the fire, looking from south to north. Many 

details help reconstructing what happened, see text. (Picture Claudio 
Grassi.) 
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3.3 Heat Release and Smoke Propagation 
 
The airflow was from south to north. The back of the originating vehicle, visible on the 
left of  Figure 1, remained almost intact. Because of the very high smoke-production rate, 
smoke propagation in the northern direction was rapid. Smoke stratification was severely 
disturbed, because of the longitudinal velocity and because of the aerodynamic obstacle 
represented by the burning vehicles. The heat-release rate probably exceeded the 100 
MW, but no conclusive estimates are yet available. The uncertainty concerning the 
smoke-production rate is even more important. Fire development was certainly not ven-
tilation limited. It can as a first approximation be assumed that all the air entering the 
southern portal became smoke, either by participating at the reaction, or through mixture 
with the hot combustion products.  
 
The ventilation system worked properly, but was not able to extract all the smoke. The 
resulting nominal smoke-extraction rate was of the order of 86 m3/s,km (130 m3/s,km 
exhaust – 0.33 x 130 m3/s,km fresh air supply) and it can be estimated that the smoke 
could have propagated over a length over 2 km. The propagating smoke generated further 
alarms, which activated the smoke extraction from the powerful ventilation stations in 
Motto di Dentro and Guspisbach, Figure 6. This sustained the existing longitudinal 
velocity and smoke propagation from south to north.  
 
The visibility conditions north from the fire location deteriorated very rapidly. Users 
spoke about very dense smoke and disappearing visibility. The fire lighting could be seen 
for some time and played an important role in saving several people. Most of the victims 
died because they didn’t leave the vehicles in time to reach the shelters. This error of 
appreciation was induced and supported by lack of information. 
 
 

  
 
Figure 12: Artist’s view of the situation. 
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Figure 13: Artist’s view of the vehicles and shelters. 
 
3.4 User’s Behavior 
 
The location of the closest shelters is presented in Figure 13, while the vehicles trapped 
by the fire are depicted in Fel! Hittar inte referenskälla.. 23 vehicles, including 13 
HGVs, were trapped on the northern side. The number of persons in the tunnel at the 
moment of the fire is not clear. The number of persons that could escape into the shelters 
is not known, but is certainly of the order of 30-35. Except for two, all persons trapped in 
the fire zone could leave the tunnel without danger and get to the shelters. 
 
All victims were found on the northern side of the incident. With one single exception (an 
HGV driver, who decided to return to his vehicle), all victims were found over 300 m 
from the fire origin. 6 of the victims were found on the road, the others in their vehicles. 
The shelters and their doors resisted excellently and allowed to save many lives. 
 
3.5 Intervention 
 
The intervention from south was rapid, but the dense smoke blocked the intervention 
from north. An intervention through the shelters located on the northern side of the inci-
dent was not possible because of the high temperature. The fire could be fought only from 
the southern side, which was not sufficient. A few images from the intervention are pre-
sented in Figure 15. 
 
The intervention involved 350 persons, 70 vehicles and 5 helicopters. 



International Symposium on Catastrophic Tunnel Fires (CTF), Borås, Sweden, November 20 – 21, 2003 
 
 
 
 

 60  

 
Figure 14: The vehicles involved in the Gotthard fire [3]. 
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Figure 15: The intervention in the Gotthard Tunnel. 
 
3.6 System Performance 
 
The official investigation report shows that the tunnel safety systems, in particular the 
ventilation of the main and safety tunnel, performed as expected. Detection was very 
rapid and occurred almost contemporarily through phone calls from drivers in the tunnel, 
alarm from the drivers leaving the tunnel from the southern side and through the tunnel 
sensors (detection of vehicles at rest and smoke sensors). The fire ventilation, traffic 
lights and radio messages could be started very rapidly. 
 
All shelters, even the closest to the fire, were perfectly safe during the entire fire 
development. It is interesting to note that the delicate radiant cable, installed in the fresh-
air duct, was not damaged and worked properly over the whole tunnel length during the 
fire. All other equipments installed in the traffic section had to be replaced over a length 
of 750 m. 
 
3.7 Responsibility 
 
The investigation [9] concluded that the only responsible for the accident in the Gotthard 
road tunnel was the driver of the Belgian HGV, who perished in the accident. The techni-
cal investigation concluded that the vehicle was in good conditions before the accidents. 
There are indications that the driver was under the influence of alcohol. 
 
4. FIRE CONSEQUENCES 
 
4.1 Overview 
 
Because of the longitudinal air velocity from south to north the fire consequences are 
concentrated north of the incident. A total of 23 vehicles, 13 HGVs and 10 cars, were 
trapped over a length of about 550 m on the northern side, Fel! Hittar inte 
referenskälla.. The tunnel was affected by the fire over a length of the order of 
225 m for the fire, 950 m for the high temperature and 2’500 m for the smoke. 
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4.2 Victims 
 
11 persons (10 men, 1 woman) died in the fire, 8 others had to be hospitalized (smoke 
intoxication). The victims died because of CO asphyxiation. The location of the victims is 
represented in Figure 16. It should be noted that with one exception (victim number 11, 
who had returned to his vehicle after escaping), all victims are at a distance from the fire, 
which could have been expected to be safe. Some victims escaped over a long distance, as 
the responsible of the incident, victim number 10, found over 300 m north from his 
vehicle, outside of shelter Nb. 68. 5 victims were found in their vehicles. 

 

 

 

 
Figure 16: Location of the victims [9]. 
 
4.3 Structural Damages 
 

The tunnel damages are illustrated in Figure 17 and Figure 18. 

 

  
 
Figure 17:  Closer views of the trucks, which originated the accident in the Gotthard 

Tunnel. 

 



International Symposium on Catastrophic Tunnel Fires (CTF), Borås, Sweden, November 20 – 21, 2003 
 
 
 
 

 63

  
 
Figure 18: Extensive damages in the “zona rossa”. 

 
The damages to the structure are illustrated in Figure 19. The false ceiling was heavily 
damaged and partly destroyed over 230 m. Additionally, extensive damages to the walls 
and destruction of the electrical equipments for 700 m were observed [4]. 
 
4.4 Economic Consequences 
 
The direct fire damages were estimated at 16 Mio CHF. The tunnel was completely 
unavailable for 2 months. After reopening, the tunnel availability was limited, as the 
tunnel was initially operated with unidirectional traffic for HGV, as in the Mont Blanc 
Tunnel. 
 
Among the direct consequences, a dramatic traffic increase on the less well equipped San 
Bernardino road and tunnel (an eastern bypass of the Gotthard) was registered, Figure 21. 
A significant environmental impact on both Gotthard and San Bernardino routes was also 
documented, in terms of air pollutants and noise. 
 
5. REPAIR AND UPGRADE 
 
Because of its fundamental importance, after the fire it was decided to reopen the tunnel 
as soon as possible, with a safety standard equivalent to the one before the fire. The 
tunnel could be reopened on 21 December 2001, less than 2 months after the fire. This 
achievement was only possible owing to a huge joint effort of engineers, authorities and 
workers. 
 
Before the fire about 20 Mio CHF had been allocated and partially already invested for 
improving the ventilation system, with the installation of remotely-controlled smoke-
extraction dampers and the realization of a new control system. The realization of the new 
dampers, which began well before the fire of 24 October 2001, is being completed, Figure 
23. The system was fully available at the end of 2002. The new ventilation system allows 
concentrating the smoke extraction close to the fire, thus reducing significantly the 
smoke-propagation length in the tunnel. The realization of the new ventilation control 
system, which will allow for the implementation of more advanced ventilation 
algorithms, is in progress. Further upgrade efforts will include a new fire detection 
system. 
 
The realization of the second tube, planned from the beginning but not yet realized, is still 
under discussion, Figure 22 and 24.  
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Figure 19:  Damage patterns[3]. From top to bottom: Type I - closest to the fire, where 

the thermal load was greatest (80 m starting at the fire site); Type II – 
further north, without burning vehicles (56 m); Type III – further north, 
where vehicles burned (80 m). The left-hand side, the fresh-air duct 
(“Zuluft”) was obviously less damaged. All cables on this side (even the 
delicate radiant cable) worked properly through the fire). 
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Figure 20: Two phases of the restoration of the false ceiling. 
 
 

   
 
Figure 21:  Further images of the southern ramp of the San Bernardino after the 

Gotthard fire, fall 2001. 
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Figure 22: Demonstrations at the southern entrance of the Gotthard tunnel. 
 
 
 

  

   
 
Figure 23: Installation of the dampers. The cutting of the false ceiling (top left) had 

been completed before the fire.  
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Figure 24:  Second tube: original (top) and actual project (bottom; right the existing 

tunnel) [7]. 
 
6. CONCLUSIONS AND OUTLOOK 
 
As in most fires, the consequences of the fire in the Gotthard road tunnel resulted from 
the combination of a number of unfavorable factors. The collision between two fully 
loaded HGVs with spill of liquid fuel and immediate ignition is a worst case beyond 
design criteria. The system was not designed for this case, as it will not in the future. The 
fire and smoke-production developed in an extremely rapid manner and its propagation 
was extremely fast. The time between the smoke perception and the disappearance of 
visibility was too short for the users in the vehicles at a certain distance, who did not see 
the fire. In general the information of the tunnel’s users must be improved, with a better 
knowledge of the escape systems and of the correct behavior on case of fire. Additionally 
a rapid and concise user information from the very start of the fire is paramount. Only 
through a huge, perfectly coordinated effort at all levels the closure time could be limited 
to less than 2 months. 
 
The tunnel safety level could already be improved in a very significant manner through 
the upgrade of the fire ventilation system. Additional measures already initiated and 
planned will further improve the situation. In spite of the high number of victims the fire 
proved that the Gotthard tunnel’s shelter system is a fundamental and reliable safety 
element. 
 
The safety level can be further increased in a lasting manner by realizing the second 
tunnel tube. 
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ABSTRACT 
 
Concrete is widely used in constructions, and generally assumed to have a good fire 
resistance. There are, however, reasons to believe that the fire resistance of concrete in 
tunnels is not always enough. The fires in the Channel tunnel as well as in Stora Bält 
resulted in severe damage of the tunnel linings. By using new types of concrete, such as 
high performance concrete and self-compacting concrete, the fire resistance may well be 
decreased further since the risk for explosive spalling is greater than for normal concrete 
when exposed to fire. These new concretes are generally more dense and thus the perme-
ability is lower leading to a greater risk for spalling. 40 pre-stressed columns of self-
compacting and conventional vibrated concrete and 12 slabs of high performance tunnel 
concrete have been fire tested. The results clearly show that the spalling of the dense con-
cretes can be severe. There are, however, methods to enhance the performance of the 
concrete such as insulation or addition of polypropylene fibers. In the present paper the 
effect of polypropylene fibers has been shown.  
 
Keywords: Concrete, High performance, Self compacting, Polypropylene fibers, Fire 
resistance, Spalling 

 

1 INTRODUCTION 
 
Concrete is often assumed to be a good material with respect to fire resistance. Correctly 
manufactured and designed concrete should have good fire performance. Nevertheless, 
several tunnel fires during the last decade have shown that severe damage of the concrete 
linings may occur. In the fire in the Channel tunnel the concrete had spalled through the 
whole depth at certain locations (Channel Tunnel Safety Authority, 1997).  
 
When concrete is exposed to fire, spalling may occur, i.e. the surface of the concrete 
structure is scaled off. Thus will the cover of reinforcement decrease, or in more severe 
cases completely disappear, which leads to an increased heating and decreased load-
bearing capacity of the structure. In some cases the spalling can be of such magnitude that 
a direct collapse occurs. Normally the design for fire is based on the original geometry of 
the structure. It is therefore, of great importance that a control of the risk of spalling is 
made when designing the structure. 
 
Spalling is often explosive, but can also be less brittle. There are several factors that 
affects the amount of spalling. It is generally held that the risk of spalling increases at 
high moisture content, when compressive stresses from external loads or pre-stressed 
reinforcement are present, due to rapid rise of temperature, due to strong asymmetric 
temperature distribution, and when crosscuts with thin sections and dense reinforcement 
are used. The main causes which result in spalling are the vapour pressure caused by the 
volatilization of the free water in the concrete, and thermal stresses due to obstructed 
temperature deformations including those stresses caused by differences of thermal elon-
gation between reinforcement and concrete. A third cause can be structural transforma-
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tion of the aggregates which is normally of minor importance since it is limited to occa-
sional aggregate granules. 
 
Existing design rules with respect to spalling of concrete structures in the case of fire are 
rather crude. Often a maximum value on the moisture content is given as a rule, see for 
example Pettersson and Ödeen (1978) or the draft Eurocode prEN 1992-1-2 (2000).  
 
The common feature of concrete is the composition of cement, water, aggregates and 
additives. Depending on amount and how these materials are mixed the characteristics 
and behaviour of concrete can be quite different. Hence, the risk and the amount of 
spalling varies with different types and qualities of concrete. During the 80’s high 
strength, or high performance concrete was developed. With some special admixtures it is 
possible to significantly  increase the concrete strength. High strength concrete is denser 
than conventional concrete and hence the permeability is lower. A low permeability is a 
disadvantage with respect to spalling because it is more difficult for the moisture to be 
transported through the structure. During the 90’s so called self-compacting concrete was 
introduced to the market. The main advantage with self-compacting concrete compared to 
conventional vibrated concrete is that no energy is required to compact the concrete and 
to cover the reinforcement and filling up the mould. 
 
Several studies have been carried out on high strength concrete. A state-of-the-art article 
was published by Ali et al. (1996). An important conclusion was that increased concrete 
strength increases the probability of spalling and accordingly high strength concrete is 
expected to perform less at elevated temperatures. Extensive studies on high strength 
concrete were carried out in Sweden during the 90’s. Several qualities of high strength 
concrete were fire tested and the conclusion was that depending on the water binder ratio 
polypropylene fibers must be added in order to prevent spalling (Oredsson, 1997). 
 
In a study by Blontrock and Taerwe (2002), small cylinders (diameter 150 mm and length 
300 mm) of three different self-compacting concretes and conventional concrete were fire 
tested. The specimens were unloaded and only minor spalling could be observed. The 
results from these studies indicated that the degree of spalling depends on the type of 
filler and on the moisture content when tested. Another test series was carried out by 
CERIB (2001) where rectangular reinforced elements of self compacting concrete were 
tested. The size of the elements were 200 x 300 x 650 mm and 300 x 500 x 700 mm. The 
test specimens were unloaded during the fire tests and resulted in minor spalling which 
did not differ much from the spalling of conventional concrete. 
 
When examining studies on spalling of concrete due to fire, a general obstacle was that 
results are diverse, some show severe spalling and others no spalling at all. One reason 
may be that there are no standard procedure to test spalling, and thus each researcher 
derive their own procedures leading to varieties on test specimens and procedures. 
Obviously spalling is a severe problem since previous studies indicate substantial damage 
to structural elements. 
 
The work described herein is a specific fire test conducted on pre-stressed columns of 
self-compacting and conventional concrete as well as tests on slabs of tunnel concrete 
with an attempt to examine spalling behaviour. 
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2  TEST PROCEDURE 
 
Tests were carried out on some different self-compacting concretes, high performance 
concrete and normal concretes. A total of 52 full scale test specimens were tested. The 
concrete specimens and details are summarized in Table 1. In the tests, 22 different con-
cretes were used; 12 were self-compacting, 6 were high performance tunnel concretes and 
the remaining four were normal concretes. Two different specimen geometries were used, 
slabs with the dimensions 1.8 x 1.2 x 0.4 m3 and columns with the dimensions 0.2 x 0.2 x 
2.0 m3. All test specimens were loaded through pre-stressing, the columns through wires 
casted in the concrete and the slabs through bars which were stressed shortly before the 
commencement of the fire test. The load level applied was not the same for all specimens. 
Table 1 gives an overview of the tested specimens. 
 
Table 1. Summary of test specimens used in furnace tests. 
Concrete Number 

of spec. 
Geometry 

(m3) 
w/c-
ratio 

Cement Filler Fibres 
kg/m3 

Pre-stress Fire 
curve

40AK0 3 0.2 x 0.2 x 2.0 0.40 CEM I Lime - 112 kN HC 
40AK2 3 0.2 x 0.2 x 2.0 0.40 CEM I Lime 2 112 kN HC 
40AK4 2 0.2 x 0.2 x 2.0 0.40 CEM I Lime 4 112 kN HC 
40AG0 3 0.2 x 0.2 x 2.0 0.40 CEM I Glass - 112 kN HC 
40AR0 2 0.2 x 0.2 x 2.0 0.40 CEM I - - 112 kN HC 
40BK0 3 0.2 x 0.2 x 2.0 0.40 CEM II Lime - 112 kN Std 
40BR0 2 0.2 x 0.2 x 2.0 0.40 CEM II - - 112 kN Std 
55BK0 2 0.2 x 0.2 x 2.0 0.55 CEM II Lime - 122 kN Std 
55BK2 2 0.2 x 0.2 x 2.0 0.55 CEM II Lime 2 122 kN Std 
55BK4 2 0.2 x 0.2 x 2.0 0.55 CEM II Lime 4 122 kN Std 
55BR0 2 0.2 x 0.2 x 2.0 0.55 CEM II - - 122 kN Std 
70BK0 3 0.2 x 0.2 x 2.0 0.70 CEM II Lime - 104 kN Std 
70BK2 3 0.2 x 0.2 x 2.0 0.70 CEM II Lime 2 104 kN Std 
70BK4 3 0.2 x 0.2 x 2.0 0.70 CEM II Lime 4 104 kN Std 
70BG0 3 0.2 x 0.2 x 2.0 0.70 CEM II Glass - 104 kN Std 
70BR0 2 0.2 x 0.2 x 2.0 0.70 CEM II - - 104 kN Std 

A 2 1.8 x 1.2 x 0.4 0.38 CEM I - - 1000 kN Spec 
B 2 1.8 x 1.2 x 0.4 0.38 CEM I - 2 1000 kN Spec 
C 2 1.8 x 1.2 x 0.4 0.38 CEM I Silica - 1000 kN Spec 
D 2 1.8 x 1.2 x 0.4 0.38 CEM I Silica 2 1000 kN Spec 
E 2 1.8 x 1.2 x 0.4 0.38 CEM I Lime - 1000 kN Spec 
F 2 1.8 x 1.2 x 0.4 0.38 CEM I Lime 2 1000 kN Spec 

 
A full description and explanation of the different concretes is for the columns given in 
Persson (2002) and for the slabs in Boström (2003). It should be noted that different types 
of fibres were used in the tests. All columns were made with fibres with a diameter of 32 
µm, while the fibres used in the slabs had a diameter of 18 µm. The concretes with the 
code R, i.e. without filler, were conventional vibrated concretes used as comparisons. 
After casting, the columns were stored for six months before the fire tests. The columns 
made of concrete with CEM I cement were all stored under water, while all other 
columns were stored in air with a climate of 20 °C and 50 % relative humidity. All slabs 
were placed under water after casting and stored there for three months until testing. The 
specimens were placed on or in a horizontal furnace after curing, see figure 1. 
 



International Symposium on Catastrophic Tunnel Fires (CTF), Borås, Sweden, November 20 – 21, 2003 
 
 
 
 

 72  

 

 
 
Figure 1.  Columns in the furnace. Plate thermometers were used to control the 

furnace temperature in accordance with EN 1363-1. 
 
The concrete with silica used for the slabs had a very low compressive strength compared 
with the other concretes used for slabs. A reason for this could be that the silica was 
added as a powder and that it did not mix as it was intended, and thus the effect of the 
silica was decreased. This may very well affect the spalling and thus may the results 
obtained with concretes C and D be erroneous. 
 

A total of five furnace tests were carried out. The columns stored in water were tested 
together using a more severe fire exposure, the so called hydro carbon curve in accor-
dance with EN 1363-2 (1999). All other columns were exposed to the standard time-
temperature curve in accordance with EN 1363-1 (1999), which is equal to the exposure 
defined in ISO 834-1 (1999). For the slabs a specially developed time-temperature curve 
called X2000 was used. The different time-temperature curves are shown in figure 2. The 
fire exposure of the columns was maintained for 90 minutes in the furnace tests, while for 
the slabs, where the specially designed curve was applied the exposure was maintained 
during 180 minutes after which a cooling phase of 120 minutes was applied.  
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Figure 2.  Time-temperature curves used in furnace tests. 
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The fire spalling was measured using two different methods. One through weighing and 
one by measuring the actual depth of the scaled off material from the specimens. The 
spalling of the columns was only measured through weighing. When measuring the 
spalling by weighing the weight loss was calculated as: 
 

 ( )( ) 100
11

1 ⋅⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

−+−
−=

fibresbefore

after

muum
m

weightloss  %  Eqn. 1 

 
where mbefore is the weight of the test specimen before the fire test, mfibres is the weight of 
fibres, u is the moisture content, and mafter is the weight of the test specimen after the fire 
test. The moisture content used in the calculations was not the same as the moisture con-
tent measured on the separate cubes. When fire testing concrete, some of the free water as 
well as some of the hydrate water will evaporate. It has not been possible to determine 
any exact value on how much of the water that have evaporated during the fire test. 
Instead the moisture content was fitted in the calculation in such way that for specimens 
without any visible spalling the weight loss was set to zero. This will not give a correct 
value for all specimens since the evaporated water content may vary. Although, it will 
give a relative good estimate of the weight loss. 
 
When measuring the depth of the scaled off material a sliding calliper was used. A steel 
frame was mounted on the fire exposed surface of the specimen which was used as a 
reference when measuring the spalling depth. The spalling was measured in a grid with a 
spacing of 100 mm. Due to the strong influence of the boundary has only measurements 
taken at least 300 mm from the boundary been included. The results are presented as a 
mean spalling depth, the maximum spalling depth, and a characteristic spalling depth. 
The characteristic spalling depth was calculated as the upper 95 % fractile assuming a 
normal distribution. 
 
3 RESULTS  
 

3.1  Spalling measurements 
 
Table 2 show the amount of spalling for each concrete type. The weight loss due to 
spalling is calculated by Eqn.1 and since each concrete type included two or three speci-
mens the results are presented as mean values. The spalling depth was only measured on 
the slabs. The values given on the spalling depth is for the central portions of the speci-
mens in order to avoid the boundary effects. Three values are given on the spalling depth, 
the mean depth of the central portion, the maximum depth and a characteristic spalling 
depth. Also the different values on the spalling depth are mean values of two specimens 
in each series. The table also give the water-powder ratio (w/p), i.e. the ratio between 
weight of water to the combined weight of cement and filler or silica, as well as the 
water-cement ratio (w/c) where in the case silica is used a factor of two on the amount of 
silica has been used. 
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Table 2. Measured spalling of the tested material. 
Concrete w/p- w/c- Weight Spalling depth (mm) 

 ratio ratio loss (%) Mean Max Charact. 
40AK0 0.29 0.40 27.9 Not meas. Not meas. Not meas. 
40AK2 0.28 0.40 7.6 -"- -"- -"- 
40AK4 0.30 0.40 0.4 -"- -"- -"- 
40AG0 0.35 0.40 13.8 -"- -"- -"- 
40AR0 0.40 0.40 1.4 -"- -"- -"- 
40BK0 0.31 0.40 21.1 -"- -"- -"- 
40BR0 0.40 0.40 1.2 -"- -"- -"- 
55BK0 0.31 0.55 24.1 -"- -"- -"- 
55BK2 0.32 0.55 12.3 -"- -"- -"- 
55BK4 0.34 0.55 11.2 -"- -"- -"- 
55BR0 0.55 0.55 11.1 -"- -"- -"- 
70BK0 0.41 0.70 14.2 -"- -"- -"- 
70BK2 0.40 0.70 0.1 -"- -"- -"- 
70BK4 0.39 0.70 11.1 -"- -"- -"- 
70BG0 0.56 0.70 9.5 -"- -"- -"- 
70BR0 0.73 0.73 4.4 -"- -"- -"- 

A 0.38 0.38 19.4 144 271 243 
B 0.38 0.38 2.9 11 33 23 
C 0.40 0.38 9.0 58 78 81 
D 0.40 0.38 0.3 0 19 2 
E 0.31 0.38 18.2 133 245 211 
F 0.32 0.38 5.9 36 62 55 

 

3.2  Results from tests on columns 

The results clearly show a reduction of spalling with the use of  polypropylene fibers in 
the concrete. It is, however, not clear which proportion of fibers that would provide the 
best performance. For the columns the specimens cured in water performed best when the 
maximum amount of fibers, 4 kg/m3, was used. The specimens cured in air with a w/c = 
0.70 showed optimum performance with 2 kg fibers per m3 concrete. For the specimens 
with w/c = 0.55 there was almost no difference between a fiber amount of 2 and 4 kg/m3. 
Hence, it is not necessary to overuse fibers. According to these tests, the optimum amount 
of fibers with respect to reduce spalling varies and depends on the concrete quality and 
possibly curing. 
 
Figure 3 show three specimens made of self-compacting concrete and cured in water and 
with different amount of polypropylene fibers after fire tested. The depth of the spalling 
was up to 50 mm. The reinforcement cover was completely worn off and the reinforce-
ment directly exposed to the fire. The spalling generally started at the edges of the speci-
mens. For the water cured specimens, the spalling started 2 minutes after start of the fire 
tests. The spalling started later for the air stored specimens at about 6-7 minutes after 
exposed to fire. In all tests the spalling stopped after 20 minutes of fire exposure. 
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Figure 3.  Specimens with varying amount of polypropylene fibers. From the left no 

fibers, 2 kg/m3 and 4 kg/m3 (specimens 40AK0, 40AK2 and 40AK4). 

 

Figure 4 and 5 show the relation between amount of spalling and the w/p-ratio for speci-
mens without any polypropylene fibers. Figure 4 and 5 shows the spalling versus w/p-
ratio for specimens cured in water and air respectively. Both figures show a linear de-
creasing relation between the w/p-ratio and the amount of spalling, if specimens 40BR0 is 
ignored (Figure 5). The reason why specimen 40BR0 not fit the relation is at present not 
known 
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Figure 4.  Spalling as a function of the water-powder ratio (w/p) for self-compacting 

concrete cured in water without fibers. 
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Figure 5.  Spalling as a function of the water-powder ratio (w/p) for self-compacting 

concrete cured in air without fibers. 

 

3.3  Results from tests on slabs 

The spalling started after 10 minutes and stopped after 45 minutes. The spalling was 
explosive. The test results showed a very good effect of the polypropylene fibers used in 
the concrete compared to concrete without fibers. In figure 6 is the effect of fibers on the 
weight loss due to spalling shown. 
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Figure 6.  Effect of polypropylene fibers on the spalling of tunnel concrete. 
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The relation between the w/p-ratio and the weight loss due to spalling for the tunnel con-
crete without fibers is shown in figure 7. Since the strength value on the concrete with 
silica was so low, it is questionable whether the results are reliable. 
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Figure 7.  Spalling as a function of the water-powder ratio (w/p) for tunnel concrete 

cured in water without fibers. 

 

Conclusions and discussion 

Design codes used for concrete exposed to fire are often very vague and do not deal with 
spalling problems in detail. One reason may be that conventionally vibrated concrete does 
not spall when used correctly and when the hydration process has advanced sufficiently 
and the concrete has dried out. The new types of concrete introduced on the market, i.e. 
high performance and self-compacting concrete, have different composition that may lead 
to higher risk for spalling due to lower diffusivity. 

Studies conducted on spalling of high performance concrete yield varying results due to 
different test procedures used. Hence no direct comparison between test results can be 
made. There are no standard method to determine the spalling of concrete, and thus each 
laboratory invent its own method and therefore results obtained at different laboratories 
are difficult to compare. Spalling is affected by specimen geometry, external load level 
and configuration, rate of the temperature rise, degree of hydration and moisture content. 
These factors, and possibly other related factors, need to be standardized in order to make 
comparisons between different studies possible. 

Self-compacting concrete, which in many ways is similar to high performance concrete, 
has recently been introduced on the market, and is likely to gain a substantial use in the 
future. Experimental studies have been carried out as described in this paper with the 
objective to determine the risk of spalling of self-compacting concrete and high perform-
ance concrete used for tunnels. The results show that self-compacting concrete, without 
any protection such as insulation, or addition of polypropylene fibers, spall much more 
than conventional vibrated concrete with the same w/c-ratio. The addition of polypro-
pylene fibers to the concrete reduce the spalling dramatically. The optimum amount of 
fibers varies according to the present results. 
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The w/p-ratio, i.e. the ratio between the weight of water to the combined weight of 
cement and filler, may be a critical factor. A linearly decreasing relation was established 
between the amount of spalling and the w/p-ratio for the self-compacting concretes. 
Although, when comparing the results from tests on self-compacting and tunnel concrete 
there is an discrepancy, see figure 8. For the tunnel concrete the spalling even increases 
slightly when the w/p-ratio increases (the measurements on the concrete with silica is 
dismissed since the results may be erroneous). 
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Figure 8.  Spalling as a function of the water-powder ratio (w/p). Comparison between 

tests on self-compacting and high performance concrete. 

 

Spalling is a complex phenomenon with interactions from several mechanisms. There is 
still much research needed in order to understand and predict spalling. There is a 
continuous development of new types of concrete going on, and it is of great importance 
that spalling behavior when exposed to fire is investigated before they are introduced into 
the market. This is not always done, which in case of fire, can have serious consequences. 
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ABSTRACT 
 
The heat release rate (HRR) from four large-scale tests, with a mock-up of a Heavy 
Goods Vehicle (HGV) trailer, in a road tunnel are presented. Initial longitudinal ventila-
tion rate are in the range of 2.8 – 3.3 m/s. Peak HRRs in the range of 70.5 MW to 203 
MW (average) were measured. The peak HRRs were obtained between 8 to18.5 minutes 
in the various tests. In two of the tests pulsations of the fire and the smoke were observed. 
The HGV-trailer mock-up consisted of a steel rack system loaded with mixed commodity 
of wood pallets and polyethylene pallets (Test 1), wood pallets and polyurethane 
mattresses (Test 2), furniture and fixtures with ten truck rubber tyres (Test 3) and paper 
cartons and polystyrene cups (Test 4).  The commodity was covered with polyester 
tarpaulin in each test and ignited upstream on the front end of the trailer.   
 
Laboratory tests were conducted prior to the large scale tests to provide data necessary for 
the estimation of the HRR in the large scale tests. The results of these tests are presented 
for three different commodities.  
 
Keywords:  Tunnel, Heat Release Rate (HRR), Heavy Goods Vehicle (HGV)   
 

INTRODUCTION 
 
The aim of the large-scale tests was to obtain new knowledge about the fire development 
in different HGV-trailer cargos in a tunnel with longitudinal ventilation. The use of 
longitudinal ventilation enabled the measurement of the HRR using the oxygen con-
sumption technique [1], downstream of the fire. The fire load used was more than five 
times higher than in previous large-scale test series. The tests were performed in an aban-
doned, two-way, asphalt road tunnel. The tunnel is 1600 m long, 6 m high and 9 m wide, 
with a slope varying between 1-3 %. 
 
Only two large-scale fire test series using HGV-trailer fire loads have been performed 
previously. The first one was performed in 1992 in the EUREKA 499 test program in 
Repparfjord in Norway [2] and the second in the Second Benelux tunnel [3] in the 
Netherlands in 2001. In the EUREKA 499 tunnel test program, a test was performed with 
an authentic HGV loaded with mixed furniture (approximately 43 GJ) with varying 
longitudinal velocity during the test (3 and 6 m/s). The other test in the EUREKA 499 
was conducted using a simulated HGV-trailer load. The fire load was mounted on a 
weighing platform and consisted of densely packed wood cribs supplemented with rubber 
tiers and plastic materials on the top (approximately 70 GJ). In this test a low ventilation 
rate (0.7 m/s) was used. In the Second Benelux tunnel test series, standardized wood 
pallets were used in two different configurations (approximately 10 and 20 GJ, respec-
tively) with different longitudinal velocities (0, 4-6 and 6 m/s, respectively).    
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The effect of longitudinal ventilation on the fire development in HGV fires is an impor-
tant issue. The interaction of the ventilation flow and the HRR has been investigated by 
Cavel et al. [4]. They found that the HRR of a HGV could increase by a factor of four for 
a ventilation flow rate of 3 m/s and by factor of ten at 10 m/s. They also found that the 
fire growth rate could increase by a factor of five for 3 m/s and by factor of ten for 10 
m/s. A Bayesian probabilistic approach was used to refine estimates, made by a panel of 
experts, with data from experimental fire tests in tunnels. Their conclusions were based 
on rather limited experimental data. The results presented here provide additional 
information that partly refutes their initial findings.  
 

HRR FROM OTHER LARGE-SCALE HGV-TRAILER TEST SERIES  
 
In the EUREKA 499 tunnel test program, a test was performed with a HGV loaded with 
1994 kg of mixed furniture where 75 % was cellulosic material and 25 % was plastic. The 
total heat content of the furniture was estimated to be 42.8 GJ and the total heat content of 
the truck and trailer was estimated to be 87.4 GJ. The HGV consisted of a diesel powered 
tractor unit (Leyland DAF 310 A) and a 12.2 m long double axle trailer with twin axles at 
the rear. The trailer had timberboard flooring and a reinforced synthetic fiber tarpaulin on 
open sides and ceiling. The fire was ignited in the tractor unit and spread to the trailer 
cargo after 8.5 minutes. The initial longitudinal velocity was 5-6 m/s for 13.5 minutes 
from ignition at which point the fan was stopped. The fire was burning fiercely when the 
fan was stopped and the measured HRR was 120 MW. The fan was restarted after three 
minutes at a lower speed, 2-3 m/s, and the fire soon reached a peak HRR of 128 MW (at 
19 minutes). The HRR during the three minutes period when the fan was stopped was not 
measured since the HRR method relies on unidirectional flow [5]. An interesting obser-
vation is that the peak HRR is higher with the lower ventilation rate, i.e. 128 MW at 2-3 
m/s compared to 120 MW at 5-6 m/s . There are two possible explanations: that when the 
fan was stopped at 5-6 m/s the fire was still growing and had not reached the peak HRR, 
or that the HRR is determined by the fuel vaporization rate, which in turn is dominated by 
the heat transfer from the flame volume towards the fuel surface, and not the mixture of 
oxygen and fuel volatiles within the fuel load. Thus, in the second case the ventilation 
rate on the HRR is secondary to flame radiation effects. This needs to be investigated in a 
more systematic way.   
 
The other trailer test in the EUREKA 499 was performed on a weighing platform using 
densely packed wood cribs supplemented with rubber tiers and plastic material. The 
longitudinal ventilation velocity was 0.5 m/s. The wood cribs consisted of 0.8 m long and 
0.04 m thick rectangular rods nailed together in two layers, leaving 50 % air inside the 
total volume. The wood cribs covered an area of 2.4 m × 2.4 m where one layer consisted 
of 9 wood cribs (two layers of wood rods). The first wood crib layer was placed on 
aerated-concrete blocks. Five layers of wood cribs were followed by one layer of plastic, 
then three layers of wood cribs, one layer of plastic, and again four layers of wood cribs. 
The remaining plastic and the rubber tyres were piled on top of this. The total number of 
wood cribs was twelve and the total weight was 2212 kg (39.6 GJ). In total 310 kg 
plastics and 322 kg of rubber tyres was used. The total heat content of the trailer load was 
63.7 GJ. No information is available concerning the total height of the fuel load but it can 
be estimated to be between 1.2 m and 1.4 m high. The total height of the wood cribs was 
0.96 m. The total height of the plastic and the rubber tyres was estimated to be at least 0.2 
m to 0.4 m high. The crib porosity factor [6] for the wood cribs is 0.16 mm, which means 
that the fire is vitiated under normal ventilation conditions. The crib porosity parameter is 
an indicator of the fluid mechanical accessibility of air to the fuel. The fire was ignited 
with five steel trays with 0.6 liters of isopropanol in each tray. The trays were placed 
under the fire load: one in the middle and one on each side of the fire load. A peak HRR 
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of 16 MW was obtained 13 minutes after ignition. This peak was reduced down to about 
10 MW after about 30 minutes from ignition. Then the fire was relatively constant until it 
started to decrease after 75 minutes. The initial peak is probably due to the burning 
plastics and rubber tyres in combination with the wood cribs.   
 
In the Benelux tunnel test series, three tests consisted of 36 standardized wood pallets (9 
in each pile) were performed with different longitudinal velocities (0 m/s, 4-6 m/s and 6 
m/s) and one test with 72 wood pallets and longitudinal velocity of 1-2 m/s. The outer 
dimensions of the 36 wood pallet fire load were 4.5 m long, 2.4 m wide and 2.5 m high. 
The peak HRR was 13.5 MW without ventilation, 19 MW with 4-6 m/s ventilation and 
16.5 MW with 6 m/s. The tests with the 36 wood pallet fire load show that the fire growth 
rate with ventilation was approximately 4 to 6 times faster than the fire growth rate with-
out ventilation and the peak HRR 1.4 and 1.2 times higher, respectively. The peak HRR 
with 72 wood pallets was 26 MW and the fire growth rate was about 1.9 times faster than 
the 36 wood pallet fire load with no ventilation. 
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Figure 1  Measured HRR in the EUREKA 499 test series[2] (left) and the Second 

Benelux test series [3](right).   
 

TEST COMMODITY 
 
Swedish statistics identify 24 different groups of commodities commonly transported on 
Swedish roads [7]. The combustible commodity can be apportioned by mass ratio into 
four different categories: cellulosic materials (42 % by mass), miscellaneous commodity 
inclusive packaging materials (28 %), food products (17%) and oil products (13 %). The 
two largest categories include cellulosic materials and miscellaneous commodities with 
packaging materials. The packaging material is usually either cardboard cartons or 
plastics. The statistics do not divide the miscellaneous commodity with packaging 
material into cellulosic material and plastics. Discussions with professional goods trans-
port agents indicate that a mass ratio of 80 – 85 % cellulosic material with 15 – 20 % 
plastics is a reasonable division between these two categories. Based on this data, the 



International Symposium on Catastrophic Tunnel Fires (CTF), Borås, Sweden, November 20 – 21, 2003 
 
 
 
 

 84  

large-scale tests and the laboratory tests contained goods with a mass ratio of about 18 % 
plastics and 82 % cellulosic material.  
 
The specific commodities used consisted of four different materials, each representing a 
category of material typically found in the cargo of a HGV-trailer. These commodities 
were: standardized wood pallets (1200 mm × 800 mm × 150 mm); plastic pallets made of 
polyethylene (PE) (1200 mm × 800 mm × 150 mm); a standardized test commodity con-
sisting of polystyrene cups (PS) in compartmented cardboard cartons (600 mm × 400 mm 
× 500 mm); and polyurethane mattresses (PUR) (1200 × 800 × 150 mm). 
 
Combinations of these commodities were used in both the preliminary laboratory tests 
and the large-scale mock-up tests in the Runehamar tunnel. 
 

LABORATORY TESTS  
 
Pre-tests consisting of free burning commodities under a large hood system (Industry 
Calorimeter) at SP’s Fire laboratory were performed prior to the large-scale fire tests. 
These tests were carried out in order to obtain some preliminary knowledge of the fire 
development in these commodities and to estimate the peak HRR in the large-scale test 
program.   
 
The set-up of the pre-burn tests is shown in Figure 2 (left). Three tests were carried out 
using two pallet piles of each commodity. The height of the piles was 1.5 m, which is 
about half the height of the large-scale fire load. The following type of commodities were 
tested under the hood system: 

 
1) wood pallets and plastic pallets (82/18 %)  
2) wood pallets and PUR mattresses (82/18 %) 
3) cardboard cartons with PS cups (81/19 %) 

 
where the mass ratio of cellulose material to plastic materials is given in the parentheses. 
Commodity 1 was also used in T1 in the Runehamar tunnel, commodity 2 was used in T2 
in the Runehamar tunnel and commodity 3 was used in T4 in the Runehamar tunnel. The 
commodity used in T3 in the Runehamar tunnel consisted of furniture and fixtures and 
this was not tested in the laboratory prior to the full scale tunnel test. 
 
The large-scale HGV-trailer fire load consisted of 10 or 12 double row piles twice as high 
as those tested in the laboratory. Thus, the cartons with PS cups represented 1/20 of the 
HGV-trailer fire load and ¼ of the target and the wood pallets/plastic and wood 
pallets/mattresses test represented 1/24 part of the HGV-trailer fire load and ¼ of the 
target. The target consisted of a full two-pallet load (representing the first row of the 
commodity from the HGV-trailer).  The commodity was ignited at the bottom of the flue 
between the two piles with two standardized ignition sources of fiberboards soaked with 
heptane. In all the tests two wood pallets measuring 1200 mm × 1000 mm × 150 mm 
were placed at the bottom.  The height from the laboratory floor to the commodity was 
1.1 m and a steel pan was placed underneath the setup to collect melting plastics. 
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Figure 2   Free-burning pre-tests under SP’s Industry Calorimeter with wood pallets and 
plastic pallets (left). In the figure to the right the measured HRR is shown.   

 
The fire growth rate of the wood pallets and the mattresses was much faster than the other 
two commodities. These two commodities had a very similar fire growth rate although 
the wood and plastic pallets was slightly faster than the cardboard cartons. The test with 
the wood pallets and the plastic pallets yielded a peak HRR of 7750 kW, the wood pallets 
and the mattresses yielded 6964 kW and the cartons 3960 kW. Based on this information 
the peak HRR in the large-scale tests were estimated by simply assuming that the peak 
HRR would occur when the entire fuel load is engulfed in flames and that one can expect 
the same peak HRR per fuel surface area in the medium-scale as in the large-scale. Here 
we have not considered the fact that when the fire spread to the target the fuel pyrolysis in 
the area which was first involved may have started to decay. The estimation is given in 
Table 1 for the HGV-trailer fire and for the HGV-trailer together with the target.   
 

Table 1   Estimated large-scale peak HRR based on the laboratory tests. 
 
Test Peak HRR from 

laboratory test 
(MW) 

Estimated peak 
HRR of HGV-trailer 

fire load 
(MW) 

Estimated peak HRR 
including target 

(MW) 

Wood pallets and 
plastic pallets  

7.75 24×7.75 = 186 28×7.75 = 217 

Wood pallets and 
mattresses 

6.96 167 195 

Cartons and PS 
cups 

3.96 79 95 

 
A reconstruction of the large-scale HRR based on these laboratory tests was also made 
prior to the performance of the tests. This was done with the aid of the integrated energy 
content, the shape of the HRR curves in the laboratory tests and the peak HRRs in 
Table 1. The results were used to estimate the fire duration, the gas temperature levels 
along the tunnel, the flame length and the gas concentrations. This information made it 
possible to estimate the length of the protection of the blasted rock in the vicinity of the 
fire source, the test sequence and location of all instrumentation.   
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LARGE-SCALE TUNNEL TESTS 
 
The test commodity was placed on particle boards on a rack storage system to simulate a 
HGV-trailer. The HGV-trailer mock-up used was 10450 mm long and 2900 mm wide. 
The total height was 4500 mm. The height of the platform floor was 1100 mm from the 
road surface. The cargo was covered with a thin polyester tarpaulin. The test commodities 
are described in more details in Table 2. The target was placed 15 m downstream of the 
HGV trailer and consisted of two full pallet loads (corresponding to the first row of 
commodity from the HGV-trailer). Further details can be found in Lönnermark and 
Ingason [8].  
 
Table 2  Description of the fire load used in the large-scale test series. 
Test 
nr 

Description of the fire load Target Total 
weight 

 
(kg) 

Theoretical 
calorific energy 

(GJ) 

T1 360 wood pallets measuring 1200 × 800 × 150 
mm, 20 wood pallets measuring 1200 × 1000 
× 150 mm and 74 PE plastic pallets measuring 
1200 × 800 × 150 mm  

32 wood 
pallets and 6 
PE pallets 

10911 240 

T2 216 wood pallets and 240 PUR mattresses 
measuring 1200 × 800 × 150 mm 

20 wood 
pallets and 
20 PUR 
mattresses 

6853 129 

T3 Furniture and fixtures (tightly packed plastic 
and wood cabinet doors, upholstered PUR 
arm rest, upholstered sofas, stuffed animals, 
potted plant (plastic), toy house of wood, 
plastic toys). 10 large rubber tyres (800 kg) 

Upholstered 
sofa and arm 
rest 

8500 152 

T4 600 corrugated paper cartons with interiors 
(600 mm × 400 mm × 500 mm ; L × W × H) 
and 15 % of total mass of unexpanded poly-
styrene (PS) cups (18000 cups) and 40 wood 
pallets (1200 × 1000 × 150 mm) 

4 wood 
pallets and 
40 cartons 
with PS cups 
(1800 cups) 

3120 67 

  
In order to be able to measure the HRR on the downstream side of the fire a longitudinal 
flow was created using two mobile fans (Mobile Ventilation Unit – MVU 125/140 from 
B I G Innovative in Germany). One fan was positioned 12 m outside the tunnel entrance 
and the other was positioned about 50-60 m inside the tunnel. The outer diameter of each 
fan was 1.52 m and the engine was 140 HP providing 2500 N axial thrust. The primary 
air-flow rate of each fan was 52.7 m3/s (190 000 m3/h). The two fans were able to create a 
longitudinal flow of 3 m/s at the measuring station 458 m downstream from the fire. The 
average initial longitudinal velocity 50 m upstream of the fire source one minute prior to 
ignition was in the range of 2.9 – 3.4 m/s.   
 
Four tests with a constant initial longitudinal velocity (at ignition) and different mixtures 
of materials in the HGV-trailer cargo, were performed.  The fire load was placed 560 m 
from the downstream end of the tunnel and 1040 m from the upstream end of the tunnel.  
In order to investigate fire spread between trailers, a target consisting of the first row of 
the main HGV-trailer fire load was located 15 m downstream from the rear end of the test 
goods. Ignition took place on the upstream side of the HGV-trailer (front). Two small 
ignition sources, consisting of fiberboard cubes soaked with heptane, were placed within 
the lowest wood pallets (adjacent to the flue between the two pallets). The tarpaulin was 
lifted away during the ignition process. Directly after the commodity was ignited the 
tarpaulin was replaced. 
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DETERMINATION OF HRR 
 
In recent years the use of oxygen consumption calorimetry has become the dominant 
method to determine HRR. This technique is used in fire laboratories world-wide by 
using extracting ventilation duct systems where air mass flow rate, oxygen and carbon-
dioxide concentrations are measured in a single point, or at several points across the 
ventilation duct, at locations where the flow has become fully developed within the duct 
system. Oxygen consumption calorimetry is based on the fact that for most materials a 
constant net amount of heat is released per unit mass of oxygen consumed in the combus-
tion, i.e., 13.1 MJ/kg O2 [9,10,11]. Thus HRR can be readily measured if all combustion 
products from an experiment are collected and the flow and oxygen concentration in that 
duct is accurately measured. As a standard procedure corrections due to CO2 in the 
exhausted gases are normally included.  In tunnel fires the same principles may be 
utilized by measuring the flow and oxygen profiles over a cross-section downstream from 
the fire. The greatest advantage with this technique is its ability to measure very large 
HRR with reasonable accuracy. A large number of measuring probes are, however, 
required.  In order to reduce the required instrumentation it was decided to locate the 
measuring station downstream the fire source at a place with well-established flow pro-
files and low temperatures. The instruments had to be close to the probes and therefore 
they were placed adjacent to the measuring station in an insulated box. The best location 
was found to be 105 m from the downstream entrance of the tunnel, 458 m from the fire 
source. The drawback to have the measuring station so far from the fire is the transporta-
tion time of the combustion gases, but that could be corrected afterwards.   
 
A number of different instruments were used to determine the HRR: five bi-directional 
pressure difference probes (McCaffrey and Heskestad [12]) each connected to a Furness 
mod FC0332 instrument; twelve thermocouples of type K with 0.25 mm diameter; two 
oxygen (O2) analyzers of type PMA 10 and one of type Siemens Oxymat (lowest one); 
and two carbon dioxide (CO2)/carbon monoxide analyzers (CO) of type BINOS. The 
location of the different measuring probes is shown in Figure 3. The thermocouples and 
velocity probes on the centerline steel rod were used to calculate the air mass flow rate. 
The thermocouples on the sides were used to check the symmetry in the flow.  The air 
mass flow rate was determined by making five equally distributed virtual area segments 
(horizontal) where every area was related to each bi-directional probe and thermocouple.  
The total air mass flow rate, m& , was determined according to the following equation: 
 

 ∑ ∆=
n

kk
k

k Au
T

T
m 00 ρζ&     (1) 

where 
m&  = air mass flow per unit area in measurement point k (kg/s/m2) 
ζ k   = a theoretically determined mass flow correction factor,  
uk  = velocity in measurement point k (m/s) 
Tk  = gas temperature in measurement point k (K) 
T0 = ambient temperature (K) 

0ρ  = density at ambient temperature (K) 
∆Ak = area segment belonging to measuring point k (m2) 
n = number of area segments 
 
 
 



International Symposium on Catastrophic Tunnel Fires (CTF), Borås, Sweden, November 20 – 21, 2003 
 
 
 
 

 88  

9000mm

H
=5

80
0 

m

T, u,O2,CO2,CO

T

T, u

T, u,O2,CO2,CO

T, u

T, u,O2

T

T

T

T

T

H

0.
12

H
0.

19
H

0.
19

H
0.

19
H

0.
19

H
0.

12
H

 
Figure 3 The measurement station 458 m from the fire. T=gastemperature, u=gas 

velocity, O2=oxygen, CO2=carbon dioxide, CO=carbon monoxide, 
H=tunnel height at measuring location, H=5800 mm. 

 
The theoretically determined mass flow correction factor, ζ k , is dependent of the 
variation of temperature and velocity over the segment. Velocity and gas temperature 
difference profiles (∆T) can be assumed to follow a one-seventh-power relation for tur-
bulent boundary layer flow [13].  This implies a mass flow correction factor, which is 
different for each segment. Instead of using different values of ζ k  we decided, after an 
accurate numerical analysis of the entire cross-section, to use the average factor of 0.817 
for the entire cross-section. Grant and Drysdale [5] used ζ k  =0.817 in their analysis of 
the HGV trailer test, although they based their analysis on CO2 and CO measurements 
and not O2.   
 
The velocity u was determined with aid of the measured dynamic pressure difference ∆p 
at each probe and the corresponding gas temperature. The velocity was obtained from 
equation (2): 
 

 u =
1

k (Re)
2∆pT
ρ0T0

      (2) 

 
where k(Re) is a correction coefficient given by McCaffrey and Heskestad [12] which 
depends on the Reynolds number (Re). In the large-scale tests presented here the Re 
number was found to be in the range of 2000 – 3200, which shows that the use of 
k(Re)=1.08 is reasonable. The ambient values used in equation (2) were T0 = 283 K (10 
°C) and 0ρ =1.24 kg/m3.  In combination with equations (1) and (2) the HRR can now be 
determined by the following equation given by Parker [11]: 
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where 
 
Q&   =  the HRR from the fire, HRR [kW] 
E  =  amount of energy developed per consumed kilogram of oxygen, 13.1 [MJ/kg] 
m&   =  air mass flow rate, eqn (1) [kg/s] 

2OM  =  molecular weight for oxygen [g/mol] 

airM  =  molecular weight for air (actually the molar weight for the gas flow in the duct, 
[g/mol] 

α   =  ratio between the number of moles of combustion products including nitrogen 
and the number of moles of reactants including nitrogen (expansion factor)  

0
2OX  =  mole fraction for O2 in the ambient air, measured on dry gases [-] 

0
2COX  =  mole fraction for CO2 in the ambient air, measured on dry gases [-] 

0
2OHX  =  mole fraction for H2O in the ambient air [-] 

2OX  =  mole fraction for O2 in the flue gases, measured on dry gases [-] 

2COX  =  mole fraction for CO2 in the flue gases, measured on dry gases [-] 
 
Equation (3) yields the HRR as a function of time t at the measuring station and not the 
actual HRR at the fire source. The time it takes to transport the combustion gases is 
dependent on the gas velocity, which in turn is dependent on the gas temperature and the 
efficiency of the mobile fan system. This time delay has been corrected in the presenta-
tion of the results in Figure 3.  
 
In the first two fire tests, T1 and T2, a pulsation of the fire was experienced during a time 
period when the fire was over 130 MW. This created a pulsating flow situation at the 
measuring station, where the measurements showed that the maximum velocity was pul-
sating in the range of 3 to 4 m/s down to a minimum in the range of 3 to 1.5 m/s. The 
frequency of the maximum velocities was about 45 seconds during this period.  Since the 
air mass flow rate is dependent on the velocity measurements the HRR also pulsated 
during this period. The HRR curves presented in Figure 3 are the actual HRR (average for 
T1 and T2 during the pulsing period), where the transportation time has been corrected.   
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Figure 3   The HRR from the four large-scale fire tests with HGV-trailer fire load.     
 
 
Table 3    Peak HRR and fire growth rate from the Runehamar tests. 

Test nr 
Time from 
ignition to 
peak HRR 
 

 
(min) 

Linear fire growth rate  
 
(R=linear regression 
coefficient) 
 

(MW/min) 

Peak HRR 
 
 
 

 
(MW) 

Estimated from 
laboratory tests  
(no target – 
inclusive target) 

 
(MW) 

T1 18.5 20.5    (0.997) 203 (average) 186-217 
T2 14.3 29.0    (0.991) 158 (average) 167-195 
T3 10.4 17.0    (0.998) 124.9 - 
T4 7.7 17.7*   (0.996) 70.5 79-95 

* 5 – 70 MW 
 
The fire growth rate appears to be relatively linear for all the tests when the fire becomes 
larger than 5 MW and less than 100 MW except for test T4 which has a peak HRR of 
70.5 MW. Therefore, a linear curve fit for the different test was taken between 5 MW and 
100 MW for T1 – T3 and between 5 MW and 70 MW for T4. The linear regression 
coefficient R is shown in parentheses in Table 3 and is found to be very high in all cases 
(>0.99), indicating a highly linear behaviour during this period. Table 3 shows that the 
wood pallets and mattresses (T2) yield the fastest fire development (29 MW/min), 
followed by the wood pallets and plastic pallets (T1) (21 MW/min). Test T3 and T4 were 
found to be very similar (17-18 MW/min).  
 
Further, the peak HRR values shown in Table 3 are found to be relatively close to the 
estimated values in Table 1. They are very close to the values given for the trailer without 
a target. These results indicate that the effects of ventilation on the peak HRR for T1, T2 
and T4 are not dominated by the ventilation conditions within this fuel. We postulate that 
this is due to the open nature of the fuel used in these tests. 
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CONCLUSIONS 
 
The HRR from four large-scale tests in a HGV-trailer mock-up in a road tunnel with 
longitudinal ventilation were measured. Peak HRRs in the range of 71 to 203 MW 
(average) were measured. The time to obtain a peak HRR was found to be in the range of 
8 to 18.5 minutes from ignition. In two of the large-scale tests (T1 and T2) pulsations of 
the fire and the smoke upstream the fire were observed during a period when the fire was 
larger than approximately 130 MW. The fire growth rate in the range of 5 to 100 MW (70 
MW in test T4) is linear for all the tests. 
 
Laboratory tests were used to estimate the peak HRR of the large-scale tests with reason-
able accuracy. These results are well in accordance with the results obtained in the labo-
ratory tests performed prior to the large-scale test series firmly establishing the utility of 
this method for planning large scale tests of this type. 
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ABSTRACT 
 
In 2003 large-scale fire tests were carried out with semi-trailer cargos in the Runehamar 
tunnel in Norway.  The tunnel is an abandoned, two-way asphalted road tunnel, 1600 m 
long, 6 m high and 9 m wide, with a slope varying between 1 % and 3 %.  In total four 
fire tests were performed in a semi-trailer mock-up. In three tests mixtures of different 
cellulosic and plastic materials were used, and in one test a “real” commodity, consisting 
of furniture and fixtures, was used. In all tests the mass ratio was approximately 80 % 
cellulose and 20 % plastic. In each test a polyester tarpaulin covered the cargo. The 
maximum heat release rates varied between 70.5 MW and 203 MW. The maximum gas 
temperatures varied between 1281 ºC and 1365 ºC. The high temperatures and intense fire 
caused high radiation, which lead to fast fire spread and could potentially pose a problem 
for the firefighters trying to reach the fire. The air velocity inside the tunnel decreased 
during the time periods with intense fire and causing back-layering. The hot gases caused 
rocks to fall from the tunnel ceiling both upstream and downstream of the fire.  
 
Keywords: Tunnel, fire, temperature, radiation, semi-trailer, lining 
 
INTRODUCTION 
 
A number of road tunnels fires have occurred throughout Europe with catastrophic out-
come. Among these are the fire in the Mont Blanc tunnel with 39 deaths (1999), the 
Tauern tunnel in Austria with 12 deaths (1999) and the St.Gotthard tunnel in Switzerland 
with 11 deaths (2001). In these fires the semi-trailer cargo played a major role in the out-
come. The main reason being that the trailers contain a very high fire load and the fire 
could easily spread with the assistance of the ventilation. The rescue services also had 
great difficulty in reaching the fire. The fast development of such a fire also makes it 
difficult for people inside the tunnel to escape from the fire and ensuing smoke. These 
fires usually resulted in extensive damage to the tunnel linings due to the high thermal 
exposure from the semi-trailers. 
 
Road tunnels are often covered with some type of lining, but the purpose of the lining can 
vary between different tunnels. In some cases it is only a thin layer of concrete to prevent 
dripping water, which can both damage the road and cause problems with ice. In other 
cases the lining is actually installed to protect the construction or installations in the case 
of a fire. A problem has, however, been to decide what fire load to use for the dimen-
sioning of the tunnel construction. This includes both the type of fire and the distribution 
(both in time and space) of the temperature exposure on the structure. A standard curve 
used for testing the thermal exposure of building material is the cellulose curve defined in 
several standard, e.g. ISO 834. This curve represent a fire in material typically found in 
general use buildings. This has been used for many years, also for tunnels, but it is clear 
that this curve does not represent all materials, e.g. petrol, chemicals, etc. A special curve, 
the hydrocarbon curve (the HC-curve), was therefore developed in the 1970s and used in 
the petrochemical and off-shore industries. The HC curve  has also been used for the 
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design of the tunnels. The main difference between these two curves is that the HC curve 
exhibits a faster fire development and corresponding temperature increase than the ISO 
834 standard fire curve. 
 
During the 1980s special temperature curves were developed in some countries to simu-
late hydrocarbon fires in tunnels. Examples of such curves are the RABT/ZTV Tunnel 
Curve in Germany and the Rijkswaterstaat Tunnel Curve (the RWS Curve) in the 
Netherlands (see Figure ). In connection with the RWS Curve, the Dutch authorities 
require that the surface temperature does not exceed 380 °C and that the temperature of 
the reinforcement does not exceed 250 °C. These tunnel curves are often used, but are not 
required by all authorities or tunnel owners. One reason for this situation is that these 
extreme fires are often associated with an unusually high fire load, for example a tanker 
fire. Another reason is the lack of measurements in real scale fires, e.g. in fires in semi-
trailers that can corroborate the suitability of any given curve. 
 
The first extensive large-scale test series where the gas temperatures from various large 
vehicles (passenger cars, train wagons, subway cars and HGV trailer) were measured was 
the EUREKA 499 –FIRETUN test series in 1990 to 1992 1. The peak gas temperatures at 
ceiling above the vehicles varied between 200 and 1100 oC. Two large-scale fire tests 
using semi-trailer fire loads were performed in 1992 in the EUREKA 499 test program, in 
Repparfjord in Norway.   One test was performed with a semi-trailer loaded with 2000 kg 
of furniture and a wind speed of 3 - 6 m/s in the tunnel and one test was performed with 
densely packed wood cribs (2212 kg) supplemented with rubber tiers and plastic 
materials (322 kg and 310 kg, respectively) and a wind speed of 0,5 m/s in the tunnel. 
The peak gas temperature measured in the ceiling was 970ºC in the furniture test. The 
wood crib test was a simulated semi-trailer load with a peak gas temperature of 400 ºC  
10 m from the center of the fire source.   
 
Another major series of fire tests in tunnels was performed in the Memorial Tunnel in 
Massachusetts in 19952.  However, the fire load consisted not of vehicles but of liquid 
pool fires of different sizes varying between 20 and 100 MW. The gas temperatures at the 
ceiling did not exceed 1100 oC in any of these tests. The main purpose was to investigate 
the effect of different ventilation systems on the smoke control in tunnels.  
 
Other important test series include the one in the Offenegg tunnel (Switzerland,1965) 
using petrol pools from 6.6 to 95 m2  3, the Zwenberg tunnel (Austria, 1975)4 using petrol 
pool fires from 6.8 to 13.6 m2, and the P.W.R.I. experiments (Japan, 1980) using pool 
fires of 4 and 6 m², passenger cars and buses. In the Ofenegg tunnel tests gas tempera-
tures up to 1200 ºC were measured. In the Netherlands, small-scale tests using petrol pans 
were performed in an 8 m long tunnel, 2 m high and 2 m wide5. In these tests gas 
temperatures in the range of 900 – 1360 ºC were measured. The Rijkswaterstaat Tunnel 
Curve (the RWS Curve) in the Netherlands is based on these tests.  
 
While this body of knowledge provides some understanding of tunnel fires it does not 
provide sufficient basis for definitive tunnel fire model development. The aim of the 
present study is to obtain new knowledge about temperature load, radiation and fire 
spread in semi-trailer cargos and, together with previous data, provide a sound basis for 
tunnel fire models. 
 
LARGE-SCALE TUNNEL TESTS 
 
Large-scale tunnel tests were carried out with semi-trailer cargos in the Runehamar tunnel 
in Norway in September 2003. The Runehamar tunnel lies approximately 5 km from 
Åndalsnes, 40 km south of Molde, in Norway.  The tunnel is a two-way-asphalted road 
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tunnel that was taken out of use about ten years ago.  It is 1600 m long, 6 m high and 9 m 
wide, with a slope varying between 1-3 %. The Norwegian Road Administration owns the 
tunnel. 
 
In total four tests were performed with modeling fires in a semi-trailer mock-up. In three 
tests mixtures of different cellulosic and plastic materials were used, and in one test a 
“real” commodity, consisting of furniture, was used. In all tests the mass ratio was 
approximately 80 % cellulose and 20 % plastic. A polyester tarpaulin covered the cargo. 
The commodities are described in more details in Table 1.  
 
The reason for using furniture in Test 3 is that the test carried out in EUREKA 499 was 
carried out with a very high ventilation rate (6 m/s at the start of the test) with a load of 
furniture. Therefore, it is of interest to run one such test for comparison. 
 
Table 1 Commodities used as fuel in the four tests. 
 
Test id Descriptiona) Total mass b) [kg] Mass ratio of 

plastic c) 
T1 Wood pallets and plastic (PE) pallets 10084 (10911) 18 % 
T2 Wodd pallets and mattresses (PUR) 6317 (6853) 18 % 
T3 Furniture + rubber tyres 7491 (7706) + 800 18 % (tyres not 

included) 
T4 Plastic cups (PS) in cardboard boxes on 

wood pallets 

2836 (3120) 19 % 

a) PE = Polyethene (Polyethelyne), PUR = Polyurethane, PS = Polystyrene 
b) The value inside the parentheses include the mass of the target  
c) The cargo was in each test standing on a floor built out of ten particle boards, each with a mass 
of 19.45 kg, not included in the total mass when calculating the mass ratio of plastic. 
 
The commodities were placed on particle boards on a rack storage system (see Figures 1 
to 3) to simulate a semi-trailer measuring 10450 mm by 2900 mm. The total height was 
4500 mm. The height of the platform floor above the road surface was 1100 mm. 
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Figure 1 Commodity set-up for T1 (wood pallets and plastic pallets). 
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Figure 2 Commodity set-up for T2 (wood pallets and PUR mattresses). 
 
         

 
Figure 3 Commodity set-up for T4 (plastic cups in cardboard boxes on wood pallets). 
 
The fire was located 560 m from the west entrance and the wind direction in the tunnel 
was from east to west. The cross-section of the tunnel at the site of the fire is shown in 
Figure 4. Two small ignition sources, consisting of fiberboard cubes soaked with heptane, 
were placed within the lowest wood pallets (adjacent to the flue between the two pallets) 
on the upstream front of the semi-trailer mock-up. The tarpaulin was briefly lifted away 
during the ignition process. Directly after the commodity was ignited the tarpaulin was 
put back in place. 
 
 



International Symposium on Catastrophic Tunnel Fires (CTF), Borås, Sweden, November 20 – 21, 2003 
 
 
 
 

 97

9000

7300

60
00

33
00

2900

Tarpulin

asphalt
gravel

Protection boards
for safety

100 mm gravel

45
00

11
00

 
Figure 4 Cross section of the tunnel at the trailer set-up. 
 
At a distance of 15 m from the downstream side of the test commodity there was be a 
target consisting of the first row of the same test commodity as used in actual test. This 
target was used to identify the time to ignition of adjacent vehicles. 
 
Two mobile fans (Mobile Ventilation Unit – MVU 125/140 from Tempest) were 
positioned at the upstream tunnel opening, projecting an air velocity of around 3 m/s 
together.    
 
 
MEASUREMENTS 
 
Temperature measurements are interesting for several reasons: to represent the situation 
inside the tunnel, to study the heat load on the structure, and to estimate the risk for fire 
spread and timing thereof. Gas temperatures were measured at several positions along the 
tunnel, from 100 m upstream of the fire (‘-100 m’) to a measurement station 460 m 
downstream of the fire, i.e. 100 m from the west entrance. The temperatures were 
measured with 0.25 mm type K thermocouples. Close to the fire sheathed thermocouples 
with an outer diameter of 1 mm were used. Most of the gas temperatures were measured 
0.3 m below the tunnel ceiling. In two positions there were extra thermocouples 1.8 m 
above the road. At the measurement station 100 m from the west entrance there were 12 
thermocouples distributed over the cross-section (see Figure 3 in Ingason and 
Lönnermark 7). The positioning of the various thermocouples is given in Figure 5. 
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ceiling, and plate thermometeer 1.6 m
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Figure 5 Measurement positions. The numbers in the center of the figure are 

distances from the centre of the fire. The numbers below the figure are 
distances from the western tunnel entrance. 

   
Heat is transferred to the tunnel construction both by radiation and convection. Tempera-
ture is most often measured using thermocouples, but while they are affected by the 
radiation they mainly measure the gas temperature determined by the convection. In some 
cases this can give erroneous assumptions about the thermal load on the structure since 
the radiation can affect the structure even when the gas temperature close the surface is 
not very high. It is well known that a large thermocouple is more affected by radiation 
than a thermocouple with a small diameter. Therefore, in gas temperature measurements 
it is often an advantage to use as small a thermocouple as possible. In the same way, a 
large thermometer is relatively more sensitive  to radiation. A tunnel structure is large 
compared to a thermocouple and is more sensitive to radiation than a thermocouple and 
for this reason a device called a Plate thermometer6 has been developed for controlling 
the temperature in furnaces when testing construction specimens. The Plate thermometer 
has a relatively large area (100 mm × 100 mm) and is therefore less sensitive to the gas 
temperature and more sensitive to the radiation heat transfer. Four Plate thermometers 
were placed close to the ceiling, above the centre of the fire and 10 m, 20 m, and 40 m 
downstream. 
 
The radiation was also measured with heat flux meters of type Schmidt-Boelter thermo-
pile. The radiation is important for estimation of the fire spread, but also for determina-
tion of the possibility for firefighters to approach the fire. To be able to reach people near 
the fire and to be able to attack the fire itself, the radiation cannot exceed a certain value. 
To study the situation firefighters can experience in the vicinity of the fire, the radiation 
upstream of the fire was measured 10 m from the upstream edge of the semi-trailer. 
 
RESULTS 
 
The four commodities used in the tests were chosen to give different fire development 
and maximum heat release rates. The test with wood pallets and plastic pallets (T1) had 
the highest total energy content and gave the highest maximum heat release rate7. The 
large amount of fuel gave also a longer period of high gas temperatures, with the highest 
maximum temperature of 1365 °C.  
 
The temperature curves for the tests T2, T3 and T4 (see Table 1) are rather similar; an 
initial delay when the fire slowly spreads into the commodity before a very rapid increase 
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(see Figure 6). Soon after this increase the maximum temperature is reached. The set-up 
of the cargo is similar in the four tests, but the differences in properties of the commodi-
ties vary and these differences influence the initial fire spread. Furthermore, the duration 
of intensity of the fire depend on both the amount of fuel and on the type of fuel used. 
 
In tests T2 to T4 the temperatures reached maximums of between 1281 °C and 1305 °C. 
In T1 an initial maximum within this range can be seen even if the temperature later 
increases even further. 
 
It was predicted that the temperatures would be highest downstream of the centre of the 
fire due to the long and tilted flames associated with a tunnel fire. This was also con-
firmed which can be seen in Figure 6b. The sudden change in gas temperature above the 
centre of the fire is probably due to the fact that the piles of pallets collapsed during this 
time period making one big heap of wood and melted plastic. This caused the flames to 
lean downstream even more pronouncedly. 
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a)  b) 
Figure 6 Gas temperature measured close to the fire during the four tests. During T2 

rocks fell through the ceiling protection board. For safety reasons the semi-
trailer set-up was moved 2 m upstream before T3 and another 5 m upstream 
before T4. The thermocouple at 0 m was, however, not moved. This means 
that in tests T3 the gas temperature was measured 2 m downstream the cen-
ter of the set-up while this distance in T4 was 7 m. 

 
The high temperatures constitute a severe thermal load on the tunnel structure itself or on 
installations inside the tunnel. As mentioned above, when testing constructions or con-
struction materials against fire loads different temperature curves are used to control the 
test furnaces to simulate different types of fires. A problem has, however, been to decide 
which fire load to use for the dimensioning of a tunnel structure. This includes both the 
type of fire and the distribution (both in time and space) of the temperature exposure to 
the structure.  
 
In Figure 7, the gas temperature near the ceiling in T1 (at + 10 m) is compared with four 
different fire curves. It can be seen that the increase in gas temperature in the test with 
wood pallets and plastic pallets is very rapid and almost exactly follows the hydrocarbon-
curve for about three minutes. Then the temperature increases higher and more rapid than 
the hydrocarbon-curve and instead follows the RWS curve, again almost exactly. The 
RWS curve was developed assuming a tanker fire with petrol or fuel oil lasting for 120 
minutes and giving a heat release rate of 300 MW. The heat release rate in the tests in the 
Runehamar tunnel did not reach 300 MW, but still the temperature follows the RWS 
curve very well. 
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Figure 7 Gas temperature in T1 compared with four different standard fire curves. 
 
As shown in Figure 4 the tunnel was protected with PROMATECT®-T boards. This 
was done for safety reasons to prevent rocks from the tunnel ceiling from falling down. A 
distance of 75 m of the tunnel ceiling was protected, while 25 m of the walls (near the 
fire) were protected with boards. Downstream of the board walls, the walls were pro-
tected by ceramic curtains to prevent the hot gases from flowing behind the passive fire 
protection provided by the boards. Such hot gases could otherwise affect both the rock 
ceiling and the steel structure on which the boards were suspended. Upstream of the 
board walls, a distance of 9 m was also protected with ceramic curtains, although not all 
the way down to the road. This was again done to keep the hot gases (in this case from 
back-layering) below the passive fire protection. That this protection was necessary was 
seen during and after the first test, when large rocks fell down onto the road both 
upstream and downstream of the passive fire protection (see Figure 8). Downstream of 
the protection, the tunnel ceiling was affected almost all the way to the western tunnel 
entrance. 
 

     
a)    b) 
Figure 8 Rocks falling down during T1, a) upstream and b) downstream of the 

protected area. 
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The rocks falling down upstream of the protection were the result of the back-layering 
taking place in spite of the ventilation. The velocity of the ventilation decreased when the 
fire intensity increase, increasing the pressure drop over the fire area. The result can be 
seen in Figure 9 where the temperatures upstream of the fire during T1 are presented. It 
can be seen that 40 m upstream, the temperature is well above 100 ºC during a long time 
period and as far away as 100 m upstream the temperature is close to 100 ºC. The back-
layering of heat and smoke can cause several problems. It can decrease the visibility both 
for the people inside the tunnel and for the rescue personnel. The gases are toxic for 
people without proper breathing equipment. The hot gases also radiate, which can affect 
both the people escaping from the fire and the firefighters trying to reach the scene of the 
fire. As shown above, the hot back-layering gases can make rocks falling down and 
possibly cause spalling of concrete. This can also pose a safety problem for the people 
inside the tunnel. 
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Figure 9 Temperatures upstream of the fire. 
 
The high temperatures give rise to high radiation, which is important for the fire spread to 
other vehicles in the tunnel. Another important issue regarding the radiation is how close 
the firefighters can approach the fire before they are stopped by the radiation. Tests per-
formed with firefighters in protective clothing indicate that there is a limit around 5 
kW/m2 exposure above which the firefighters will have difficulty to work and also feel 
pain after only 5 minutes8. The measurements during the large-scale fire tests, presented 
in Figure 10, show that this limit is exceeded in all of the tests at a distance of 10 m from 
the mock-up.  
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Figure 10 Radiation a) 10 m  and b) 5 m, upstream of the semi-trailer set-up. Note the 
difference in scale. 

 
 
CONCLUSIONS 
 
Four large fire tests were performed simulating fires in the cargo of semi-trailers inside a 
tunnel. The cargo was simulated by different mixtures of cellulosic and plastics material 
(at a mass ratio of about 80/20). This represents typical cargo, transported daily on the 
roads and thus also often passing through tunnels. The type and amount of fuel varied 
between the tests, but all four fuel mixtures showed very fast increase in temperature after 
an initial delay. The results also show that the tunnel structure and protection need to 
withstand very high temperatures. The standard fire curve best representing the test 
results is the RWS curve. 
 
Back-layering of heat and smoke was registered both visually and with the temperature 
measurements. The back-layering caused rocks to fall from the ceiling upstream of the 
passive fire protection. This can pose a risk both for the people trying to evacuate the 
tunnel and for the rescue personnel. It also shows the importance of suitable protection of 
the tunnel ceiling and other installations inside the tunnel. A similar problem is the 
spalling of concrete used inside tunnels when exposed to high temperatures. Downstream 
of the ceiling protection the road was covered by rocks that had fallen down from the 
tunnel ceiling. 
 
The heat flux measurements indicate that it may be difficult for firefighters to approach 
the fire to be able to effectively fight the fire or rescue trapped motorists. 
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ABSTRACT 
 
In September 2003 large scale fire tests were carried out in the Runehamar Tunnel in 
Norway. In these tests the fire behaviour of semi-trailer cargos in a tunnel was studied 
systematically in order to obtain new knowledge about the fire development and fire 
spread in the cargos and the heat exposure to the tunnel linings in the vicinity of the fire. 
Information about upstream thermal conditions was also obtained during these tests. The 
fire tests were initiated and headed by SP Swedish National Testing and Research 
Institute. Active partners in the performance of the tests were SINTEF/NBL and TNO 
Centre for Fire Research. In this paper results of measurements by TNO are presented and 
discussed, focussing on radiation levels near and upstream the fire, fire spread in the 
cargos and back-layering in the tunnel. The TNO measurements were performed within 
the frame of the UPTUN project3 and as such co-sponsored by the European Union. 

 
 

INTRODUCTION 
 
The fire tests were carried out in the Runehamar Tunnel in Norway, a two-way asphalted 
road tunnel taken out of use some 10 year ago. The tunnel is about 1650m long, with a 
slope varying between 1-3%. In all tests the tunnel was ventilated with approximately 2.5 
m/s from the east portal to the west portal with mobile fan units at the east portal. The fire 
source was located at 563m from the west portal. The smallest height of the tunnel is 
6.40m and the width varies between 8.2m and 9.5m. Near the fire tunnel walls and ceiling 
were insulated with PromatecT-T panels and Promat ceramic blankets mounted on a steel 
frame over a total length of 75m. The width of the insulated part of the tunnel was 7.2m 
and the height varied between 5.2m and 5.5m. Test set up and fire protection are de-
scribed in detail by Lonnermark1, van Olst2 and van Brekelmans3 and therefore not 
further presented here.  Four fire tests were performed, each test with a different type of 
cargo, as shown in table 1. 
 
Table 1. Overview of test series 
 
Test 
nr 

Test cargo Heat 
content 
(GJ) 

Weight 
 (kg) 

Mass ratio 
cellulose/plastic 

1 Wood pallets and plastic (PE) 
pallets 

207 9,900 82/18 

2 Wood pallets and mattresses 
(PUR) 

113 6,100 82/18 

3 Real furniture + 10 tyres  150 7,700 + 800 
(tyres) 

82/18 

4 Plastic (PS) cups in cardboard 
cartons 

52 2,600 81/19 
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OVERVIEW OF FIRE DEVELOPMENT 
 
Figure 1 and figure 2 show the fire development for each test after respectively 5 minutes 
and 30 minutes. In test 1 and test 2 the camera and cargo were on the same position. In 
test 3 the cargo and camera were moved in the upstream direction over a distance of 
respectively 5m and 10m. In test 4 the cargo was again moved 5m upstream. According 
to figure 2 in all tests the fire is still burning after 30 minutes, but in particular in test 1 
and test 3 there is still considerable flaming.  

 
Figure 1.  Overview of fire development after 5 minutes 
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Figure 2. Overview of fire development after 30 minutes. 
 
FIRE SPREAD AND TEMPERATURES IN CARGO 
 
In order to determine the local fire spread temperatures on four locations in the cargo 
were measured with type K thermocouples with a time interval of 10s. As shown in figure 
3 the thermocouples were mounted in the middle of the cargo at a distance of 2.6m from 
each other. 
 

 
Figure 3. Location of thermocouples T1, T2, T3 and T4 in the cargo (side view). 
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Results fire spread and temperatures in cargo 
 
 

 
 
Figure 4.  Temperatures in cargo for each test  
 
Results of the temperature measurements in the cargos are presented in figure 4. All tests 
show temperatures between 900oC and 1000 oC during 10 to 15 minutes with peak values 
up to 1200 oC in test 1. In test 1 the first thermocouple near the fire (TC-04) is heated up 
about 3 minutes after ignition. Seven minutes later the whole cargo is on fire. Test 2 
shows an even shorter period of 4 minutes between heating up of the first (TC-04) and 
last thermocouple (TC-01). In all tests the whole cargo is on fire within 8 to 10 minutes 
after ignition.  
 
Figure 5 presents ‘the length of the burning part of the cargo’ as a function of time, based 
on a temperature of 600oC .Test 1 and test 3 show an almost linearly increase of ‘burning 
length’ with time, indicating a constant fire spread of approximately 18 mm/s for a 
‘burning length’ between 1.3m and 6.5m. This is not the case in test 2 and test 4. Test 4 
suggests an even faster fire spread over the same length. 
 
Further analysis of figure 5 seems difficult, because parts of the cargo fell down during 
the tests. This could for instance be the cause for the unrealistic behaviour in test 3 where 
a ‘burning length’ of 6.5m seems to appear earlier than a ‘burning length of 3.9m.  
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Figure 5.  The length of the burning part of the cargo as function of time. 
 
 
RADIATION LEVELS NEAR THE FIRE  
 
In all tests radiation levels were measured near the fire and upstream in the tunnel. The 
measurements were carried out in order to estimate the risk of fire spread to other 
vehicles and to determine the thermal load on the tunnel wall and the possibility for the 
fire brigade to approach and attack the fire. In particular the radiation level at a distance 
of 20m from the fire is important, because this is the maximum distance that can be 
bridged by the water jets commonly used by the fire brigade. 

 
The radiation fluxes were measured with water cooled Medterm heat flux meters on five 
positions with a time interval of 10 seconds and accuracy of approximately 5%. The 
results can be checked against commonly used critical values for fire spread and ten-
ability. Usually a radiation flux above 12.5 kW/m2 on a surface will cause ignition of that 
surface and may therefore enhances the risk of fire spread. The fire brigade is capable of 
withstanding a flux up to 5 kW/m2. 
 
Figure 6 shows the positions of the heat flux meters. All sensors are facing the fire except 
for sensor 3 which lies on the floor and faces the ceiling. Sensor 1 is mounted in the wall 
of the fire protection, 1m above the floor. In test 1 and test 2 sensor 2 and 4 are located at 
a distance of 5m and 20m behind the cargo, also at a height of 1m. Heat flux meter 5 was 
mounted and monitored by SP and stands 10m behind the cargo, 1.5m above the floor. In 
test 3 and test 4 positions are slightly changed, because the cargo had to be moved up-
stream and sensor 3 and 5 could not be moved accordingly.  
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Location of heat flux sensors test 1 and test 2 
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Figure 6.  Location of heat flux meters in each test. 
 
Near fire radiation levels and risk of fire spread  
 
Figure 7 presents measured heat fluxes near the fire for all tests together with the critical 
level for fire spread of 12.5kW/m2. In test 1 heat fluxes on the floor of 250kW/m2 occur 
during 15 minutes. In the same test peak values of 200kW/m2 and average values of about 
120 kW/m2 on the wall can be observed. At a distance of 5 meter behind the fire the heat 
flux is still 50 kW/m2. 
 
In all tests the critical level for fire spread is exceeded on the location 5m behind the fire. 
Risk of fire spread to a vehicle on that location exists therefore in all tests, but for differ-
ent lengths of time. In test 1 the risk exists during 55 minutes. In the other, less severe 
tests shorter durations of about 7 to 10 minutes occur. More accurate estimations of the 
risk of fire spread in case of a heavy good vehicle fire will be made in the near future, 
using more sophisticated radiation models. 
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Figure 7.  Radiation fluxes near the fire for each test.  
 
Heat flux to wall and correlation with heat release rate 
 

 
Figure 8.  Measured Heat Release Rate by Ingason and Lonnermark1 as function of 

time for all tests 
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The heat flux Qrad on the wall depends on the heat release rate HRR. Figure 8 presents 
HRR curves measured by Ingason and Lonnermark1. A linear correlation between Qrad 
and HRR was sought by plotting the ratio Qrad/HRR as function of time. This is shown 
in figure 9. A constant value would mean a linear relation. Although some trends can be 
observed it is quit clear that more sophisticated modelling is needed to find a sensible 
correlation which can be checked against existing data. 
 

 
Figure 9. Correlation between radiation flux on wall and heat release rate for all tests. 
 
THERMAL LOAD ON WALL 
 
In order to estimate the thermal load on the tunnel wall the heat flux is converted to the 
temperature of a black body radiating with the same flux as received by the wall. This so 
called radiation temperature can be compared with nominal temperature curves that are 
controlled with so called plate thermocouples. The radiation temperature determined in 
this way is slightly higher than the temperature that would have been measured with a 
plate thermocouple on the same spot. This is caused by the colder surface of the heat flux 
meter resulting in increased convective heat transfer to the sensor. The error in the com-
parison is relatively low for high heat fluxes and is estimated to be between 20oC and 
50oC.  
 
Figure 10 shows the radiation temperatures on the wall and some well known nominal 
fire curves. The curves are shifted to the left in order to facilitate comparison with the fire 
curves. In test 1 an average temperature of 900oC occur during 30 minutes with peak 
values of 1100oC. In test 2 peak values of 1000oC Celsius occur. In test 2 and test 4 an 
average temperature of 800oC can be seen during 15 minutes. Test 3 shows a lower aver-
age over the same period, namely 700 oC.  
 
In all tests the thermal load on the wall exceeds the standard ISO-834 curve used for 
testing of building materials. In test 1 this lasts 30 minutes and in the other tests approxi-
mately 15 minutes. Other fire curves seem more appropriate to represent the thermal load 
on the wall during these periods, as e.g. the hydrocarbon Euro code 1 curve.  
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Figure 10.  Radiation temperatures on the wall 1m above the floor for all tests. 
 
Note: radiation temperature in test 3 is measured 5m downstream of the centre of the 
cargo.  
 
RADIATION FLUX ON FIRE BRIGADE 
 
As stated earlier the radiation level 20m upstream of the fire is an important quantity to 
determine whether or not the fire brigade can reach the fire with their water jets. Figure 
11 shows the measured heat fluxes at this distance.  
 
It appears that all heat fluxes remain below the critical level of 5 kW/m2. The fire brigade 
will therefore be able to approach the burning cargo up to 20m and attack the fire. 
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Figure 11.  Radiation flux upstream 20m behind the fire for all tests.  
 
BACK LAYERING 
 
Upstream velocities and temperatures were measured in order to correlate the occurrence 
of back layering with the ventilation velocity The velocities were measured with hot 
sphere anemometers located 150m upstream, 2.5m above the floor on the right lane 
(VEL-1) and the left lane (VEL-2). In addition a bi-probe was place by SP in the middle 
of the tunnel, 50m upstream at a height of 3.0m (VEL-3).  

 
According to Atkinson4 the critical velocity to prevent back layering should be 2.2 m/s 
for wide tunnels and 2.5m/s for small tunnels for a fire with a heat release rate greater 
than 10MW. In figure 12 the velocities measured in test 3 and test 4 are shown together 
with the predicted period of back layering according to Atkinson. 
 

 
Figure 12.  Velocities upstream the fire in test 3 and test 4 with predicted period of back 

layering. 
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Temperatures have been measured with thermocouple trees on 3 upstream locations in the 
tunnel. In test 1 these trees were placed on the right and left lane and middle of the tunnel 
100m upstream of the centre of the fire. In the other tests the trees were positioned 25m, 
50m and 75m upstream in the middle of the tunnel. Each tree consisted of 5 type K ther-
mocouples located 1m, 2m, 3m, 4m and 5m above the floor. 
 
Figure 13 presents the upstream temperatures for test 3 and test 4 together with the same 
predicted period of back layering indicated in figure 11. From these figures it can be con-
cluded that there is a good agreement between the measured and predicted occurrence of 
back-layering. In all tests a velocity of 2.5 m/s is sufficient to prevent back layering. 
 
 
CONCLUSIONS 
 
Main conclusions of the tests are: 
 

1. In all tests a rapid fire spread occurs: within 5 to 10 minutes the whole cargo is on 
fire. A first attempt to estimate the fire spread was partly successful for test 1 and 
test 3. 

2. In test 1, there is a great risk of fire spread to other vehicles at a distance of 5m 
behind (upstream) the burning cargo during a period of 55 minutes. This risk also 
exists in the other tests, but for a shorter duration of 7 to 10 minutes. More 
accurate estimations of the risk of fire spread in case of a heavy good vehicle fire 
will be made in the near future. 

3. A first attempt is made to correlate the heat flux to the wall with the strength of 
the fire, but more sophisticate modelling is required. 

4. In all tests the thermal load on the wall exceeds the standard ISO-834 temperature 
curve for building materials for a duration of 15 to 30 minutes. Other fire curves 
seem more appropriate to represent the thermal load on the wall during these 
periods, as e.g. the hydrocarbon Euro code 1 curve.  

5. The fire brigade will be able to attack the fire despite the radiation from the fire. 
6. The observed velocity at which back layering occurs is in good agreement with 

the values predicted by Atkinson. Above 2.5 m/s no back layering was observed.  
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Figure 13.  Temperatures 25m and 75m upstream of the centre of the cargo compared 

with the predicted periods of back-layering. 
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Presentation of test result from large scale  
fire tests at the Runehamar tunnel  

 
By 

Are W. Brandt 
SINTEF  Norwegian Fire Research Laboratory (NBL) 

Trondheim, Norway 
 
 
INTRODUCTION 
 
In the case of a major tunnel fire many factors participates in the ability for people to 
survive. Some issues like damage to tunnel structure, smoke production and heat genera-
tion has been discussed both in media and the scientific community. It is however limited 
data on these issues. As a result of this a series of full scale fire tests were carried out at 
Runehamar tunnel.  
 
The main objective for NBL´s contribution during the test series at Runehamar was to 
measure HCN and humidity in the exhaust gases downstream of the fire. 
 
 
Test results 
 
All measured signals were logged using SP´s data acquisition and logging system. A 
sampling interval of one second was used for all the tests. The test results were then taken 
in to an Excel spreadsheet for calculations. 
 
 
Humidity measurement 
 
The present of humidity in the exhaust gases from a fire increases the filing of heat for 
people trying to evacuate the area or people trying to enter the area (fire fighters). It can 
be visualised form the experience that a sauna feels warmer when water is applied to the 
oven (an increase of the humidity) although the actual temperature in the sauna drops. At 
high temperature this may reduce the ability for people to evacuate and rescue personnel 
to enter. Water vapour also displaces oxygen, resulting in a reduction of oxygen con-
centration. This is general for all fires producing water by it self, but this does not 
necessary apply when using water mitigation systems. More effects are accepted to take 
place under such situations. 
 
Humidity in the exhaust gases was measured using two Vaisala HMP 235 humidity sen-
sors. The sampling points for humidity was 458 m downstream of the fire and 2,9 and 5,1 
m above the road, respectably. To avoid re-condensation of the sampling gas in the 
measuring system the whole system was at an elevated temperature. 
 
The signal given from the humidity sensors represents relative humidity, relative to the 
temperature of the sample probe. Fore presentation of the humidity the table below 
(Table1) shows the humidity as relative humidity, vol% humidity and absolute humidity. 
In addition to this the table shows at witch temperature the relative humidity reaches 
100%.  
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Table 1. Humidity measurements 
 

Unit Top Mid Top Mid Top Mid Top Mid
Max Temperatur  [°C] 151 137 109 97 99 79 83 76
Max Vol% Humidity [%] 34 19 12 5 4 1 2 1
Max Relativ Humidity [%] 14 11 9 6 4 3 3 3
Max Absolut Humidity [g/m3] 184 102 68 28 24 9 9 7
Temperatur were 100% 
relativ Humidity  [°C] 68 55 46 28 26 9 10 5

Test 1 Test 2 Test 3 Test 4

 
 
Full graphical representations of the test data for Vol% humidity measurement are given 
in appendix I. 
 
HCN measurement 
 
The reaction to exposure to HCN is less documented than that of CO and CO2. The main 
effect of exposure to HCN is that the cells in the human body reduce its ability to obtain 
Oxygen. It dose not primarily connect to the haemoglobin but to the enzymes in the cells 
causing the cells to dysfunction. 
 
HCN is produced when for example wool, silk, nylon and polyurethane is burned. A 
HCN concentration of 50 ppm can be tolerated by a human for approximately 30 – 60 
min. without difficulties. If the concentration is raised to 100 ppm an exposure time of 30 
– 60 min. would probably be lethal. Concentrations of 135 and 180 would most likely be 
lethal in 30 and 10 min. respectably. HCN is 20-30 times as toxic as CO, however cases 
were HCN poison alone is the primary cause of death in a fire is relatively rear. Experi-
ments involving combustion of polyurethane mattresses has shown that the concentration 
of HCN can reach levels were people are incapacitated. 
 
Table 2.  Effect of toxic fire products on people (It is taken from SINTEF report 

STF25 A91007 “Smoke Hazard in Offshore Platform Fires”) 
 

Toxicant Source  Toxicolo-gic 
effect 

IC50
(1  

ppm 
LC50

(2 
ppm 

ICT50
(3 

ppm*min
LCT50

(4 
ppm*min

Comments 

CO All materials 
containing 
carbon 

Choking fit, 
stop in 
breathing 

1400 – 
1700 

4500 –
5500 

35 000 –
45 000 

70 000 –
135 000

Due to high concentra-
tions, the toxic effects of 
CO by far exceed those of 
other fire gases present. 

CO2 All materials 
containing 
carbon 

Stimulates the 
respiration rate, 
unconscions-
ness at high 
concentrations 

100 000 146 000   Increased respiration rate 
leads to increased uptake 
of other fire gases. May 
have synergetic effect with 
CO. 

HCN From all 
combustion of 
wood, silk, 
nylon, polyure-
thane etc. 

A rapidly 
asphyxiant 
poison 
(causing a stop 
in breathing) 

100 135 750 - 
1500 

1500 – 
7500 

Progressively lower doses 
can be tolerated as the 
concentration is increased. 
280 [ppm] is a concentra-
tion reported to lead to 
immediate death. HCN and 
CO acts in additive 
manner. 

 
 
1) IC50 – Incapacitation Concentration. Concentrations were 50% of the test animals were 
incapacitated. 
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Test 1 Test 2 Test 3 Test 4
Max HCN Concentretion [ppm] 298 218 66 94
Total dose HCN [ppm *min] 787 1324 174 204
Exposure time [min:sec] 05:36 16:24 05:13 05:08

2) LC50 – Lethal Concentration. Concentrations were 50% of the test animals died. 
3) ICT50 – Incapacitation Concentration multiplied by time (dose). Doses were 50% of the 
test animals were incapacitated.  
4)LCT50 – Lethal Concentration over time (dose). Doses were 50% of the test animals 
died. 
 
The HCN concentration in the exhaust gases was measured using an Uras 3G HCN gas 
analyser. The sampling point for HCN was located 458 m downstream of the fire and 2,9 
m above the road. The sampling gas was dried and cleaned before analysed.  
 
The main results of the measurements are given in Table 3 below. 
 
Table 3. HCN measurements  
 
 
 
 
 
The table presents the peak measured HCN concentration during the test, the total dose of 
HCN during the main part of the test and the main exposure time of HCN during the test. 
 
Full graphical representations of the test data for humidity measurement are given in 
Appendix II. 
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RUNEHAMAR tests as part of the UPTUN project  
 

 
 

Jan W.P.M. Brekelmans  
TNO Building and Construction Research, Centre for Fire Research,  

Delft, The Netherlands 

Danny van Goudzwaard  
GERCO Beveiligingen B.V., Schoonhoven,  

The Netherlands 
 

 
 
TRANS-EUROPEAN TRANSPORT NETWORK 
 
From a political, social and economical point of view tunnels in the Trans-European 
transport network are very important. In political sense mobility is of utmost importance 
for a competitive, open European market. This can only be fulfilled if we can rely on a 
sustainable growth of a durable and reliable transport system. For the end-users it is 
important that these tunnels are safe. In case the transport network is obstructed, it will 
have an enormous economic and socio-economic impact. Besides the costs for recon-
struction, wider regions could get out of business for some time. 
 
New approach 
 
Due to a growing population and mobility, European transport networks are extending 
and more often running through various road and railway tunnels.  
 
Recent fires in traffic tunnels, such as Mont-Blanc, Tauern, Gotthard and Channel tunnel, 
obstructed the open European market and growth. People lost faith in a safe Trans-
European road and rail network. 
 
These fires in road and rail tunnels caused serious loss of life and significant structural 
damage with serious socio-economic impacts on the wider regional economy. Beside the 
fires in traffic tunnels, fires in public transport tunnels and underground spaces also 
endangered the faith in tunnel safety, such as the fires in the funicular tunnel in Kaprun 
and in the King’s Cross metro station in London. 
 
To avoid these incidents in the future and to improve tunnel safety, the following 
approach has been chosen.  
 
The relevant Directorate Generals from the European Commission took the initiatives to 
draft legislation and to start up EC funded research projects and networks. In addition, all 
relevant national and international knowledge should be brought together. 
 
European Directive, projects and networks 
 
December 2002,  the European Commission published a proposal, for a Directive of the 
European Parliament and the Council, on minimum safety requirements for tunnels in the 
Trans-European Road Network. Another European Directive is being prepared for rail 
tunnels. In the short to medium term the proposed legislation will set minimum standards 
to rapidly guarantee a high level of safety for users of road tunnels. On the medium to 
long term, improvements have to be made on the basis of new investigations and know-
ledge. 
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2 networks (FIT and SafeT), 2 research projects (Darts and UPTUN), 3 related informa-
tion society technology projects(Safe Tunnel, Sirtaki and Virtual Fires) and 1 tunnel 
safety awareness campaign, funded by the European Commission, will ensure that the 
relevant information, knowledge and innovations are available within the next three years 
(see ref. 1). By the end of 2006 all projects will be finalized and will have contributed to a 
safe, durable and reliable Trans-European transport network (see table 1.). For further 
information about these projects and networks, reference is made to the web sites men-
tioned in table 1. 
 
All EC funded projects have a clear different objective, are linked together and cover all 
relevant fire safety items (infrastructure, operation, vehicles and users). From current 
knowledge to new knowledge (FIT), from new to built tunnels (DARTS) to the upgrading 
of existing ones (UPTUN), from experimental data to guidelines and regulations (SafeT). 
The European projects, together with national and international “linked projects”, will 
lead to a fitting puzzle (see fig. 1). 
 
The first international FIT - DARTS - UPTUN symposium on ‘Safe and Reliable 
Tunnels’ will be organised in February 2004 and take place in Prague. 
 
UPTUN PROJECT 
 
The UPTUN project concerns the improvements with regard to existing tunnels. UPTUN 
is an abbreviation for ‘cost effective, sustainable and innovative UPgrading methods for 
fire safety in existing TUNnels’. 

 
The UPTUN project was initiated in September 2002 and is co-ordinated by TNO 
(Netherlands). It is a four year research and development project. 
 
The 41 partners of UPTUN originate from 17 countries as can be seen from the map of 
Europe below. Several disciplines and professions are incorporated in UPTUN such as 
owners, consultants, universities, research organisations and industries. Furthermore it 
can be seen from figure 1 that the distribution of work over Europe comprises also some 
10% in the Eastern countries. 
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Table 1:   Overview of the seven research projects and networks funded by the 

European Commission. 
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Figure 1: Uptun partners. 

 
It is important to look at tunnels as a system in its environment. Measures to improve fire 
safety, will be studied combined rather than sub-optimized. Positive as well as adverse 
interaction should be identified. Socio-economic aspects on the wider region have to be 
taken into account. 
 
As a ‘spider in the web’, the UPTUN project will link up with:  
- various national and international investigations, such as the EC funded research 

projects and networks:  FIT, Darts and SafeT 
- important tunnel associations, such as: International Tunneling Association (ITA),  

World Road Association PIARC and the United Nations Economic Commission for 
Europe  

 
and last but not least, 
 
- national projects, such as the Runehamar tests, which are carried out by the UPTUN 

partners SP, NBL and TNO in cooperation with a Swedish national project managed by 
SP. 

 
Goals, objectives , focus and spin-off 
UPTUN’s primary goals are:  
- to develop, validate and promote innovative, sustainable and low-cost measures, to limit 

the probability and consequences of fires in existing tunnels  
 
and furthermore 
- to develop, demonstrate and promote a holistic evaluating and upgrading procedure for 

existing tunnels. 
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The main objectives are: 
- Assessment of existing technologies 
- Development of innovative upgrade technologies 
- Practical demonstration of measures  
- Knowledge transfer 
- Supply of evaluation models about upgrading 
 

The work will be carried out with a special focus on: 
- Fire detection technologies  
- Mitigation measures 
- Influencing human response 
- Protection of the tunnel structure 
- Socio-economic impacts  
- Dissemination of upgrade know-how 
 

The desired spin-off of this project should be: 
- The restoration of faith in tunnels as safe parts of the transportation systems 
- Levelling out trade barriers imposed by supposedly unsafe tunnels 
- Links to running and coming national and international (upgrading) tunnel projects 
 

Work distribution 
The work is split up in a chronological sequence of what happens in the event of a fire in 
a tunnel. Measures can be taken at each link in this safety chain, which consists of: 
 
- Pro-action 
- Prevention 
- Mitigation 
- Suppression 
- Evaluation 
 
Throughout all the work it will be necessary to distinguish between road, rail and mass-
transit tunnels. 
 
The work is divided into seven technical work-packages. The first four work-packages 
aim to develop new measures to reduce the probabilities, and to mitigate the 
consequences, of fires in tunnels. Work package 5 involves the innovative development 
of the holistic evaluation and upgrading model employing artificial intelligence, heat and 
mass flow simulation, human behavioural modelling, structural response modelling, and 
socio-economic impact assessment. In work-package 6 the system response to the up-
grading measures is demonstrated. The last work-package 7, is devoted to the promotion 
and dissemination of the results.  

An overview of the first year results of the UPTUN project is given in reference 2.  
 
Work package 2: Runehamar tests 
The Runehamar tests are carried out as a co-operation between a national Swedish project 
and the UPTUN project. For the investigations which are part of work package 2, 
additional measurements have been made during the tests. 
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To carry out these tests in the abandoned 1,6 km Runehamar rocktunnel, a thermal isola-
tion system was built inside the tunnel to prevent serious damage to the tunnel which 
would also influence the test results and could destroy the equipment. 
  
The tunnel width varies from 8.17 m to  9.40 m with a smallest height of 6.39 m. 2400 
points were measured to determine a best fit location and geometry for the test set-up.  
Within 10 weeks, a 16 ton steel structure with 30 tons thermal boards was produced and 
built inside the tunnel by GERCO beveiligingen B.V. from the Netherlands.  
 
PROMATECT-T thermal boards were used. To enable more than one test, the boards 
were made out of two thinner boards, glued together with a reinforcement in between. 
This was mainly done for the reason that cooling effects after a test could result in cracks, 
which then only would occur in the exposed plate. This is not a standard practical solu-
tion but in this case it was chosen to guaranty the integrity of the panel over more than 
one extreme fire test. 
 
The boards are installed with 4 hooks on steel pipes, which were placed in longitudinal 
direction of the tunnel, bearing on the bottom flanges of truss girders. These kind of truss 
girders are normally used in greenhouses. 
 
Originally it was planned to drill anchors in the ceiling of the rock tunnel to install some 
of these girders. However, due to some doubts about this connection, it was decided to 
make only portal frames. The length of the thermal isolation is 75 m. Over a part of the 
walls at the end of the structure PROMAT ceramic blankets are used. The starting points 
for the design of the structure were based on the following assumptions: 
 
- 250 ºC at the exterior not exposed side of the thermal board, 
- max temperatures  of 400 ºC for the protected steel structure  and 
- 600 ºC at the maximum for the unprotected parts of the steel structure where the 

ceramic blankets are installed.  

 
 

Figure 2: Test set-up. 
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REMARKS AND CONCLUSION 

Tunnel safety is a large growing market of more than 10.000 km traffic tunnels in Europe 
only, with a strong public attention to safety and comfort issues and a large impact on the 
economy. Human behaviour is a paramount factor but also structural integrity is an issue, 
not only in tunnels under water or in water-bearing soils but also in rocktunnels as could 
be seen in the Runehamar tests.  

 
The key to tunnel safety is an ‘holistic’ approach in which positive as well as adverse 
interaction is identified. Furthermore we have to look at tunnels in their environment. As 
such it is part of the infra network. 
 
Research on international level is needed. The European research projects and networks 
“fit” well together. 
 
There will be no further tunnel safety investigations in the 6th FP of the European 
Commission. However, more large scale tests will be carried out in UPTUN-project. So, 
it is important to link up with these investigations by exchanging information and/or by 
participating in future test. This will be the best platform for innovations. 
 

 
Figure 3: European research projects and networks “fit” well together. 
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ABSTRACT 
 
This paper presents the outcomes and results of the first year’s research of the UPTUN 
project. First the coherence within this project is explained. Thereafter the heart of 
UPTUN, the holistic evaluating and upgrading procedure is described. Furthermore the 
results of the research carried out in the past year and an overview of the future research 
will be presented. Finally a summary and conclusions are presented and the possibilities 
to contribute to this exceptional project are highlighted. 
 
INTRODUCTION 
 
The UPTUN project is divided into seven technical work packages (WPs). Work package 
5 is the heart of UPTUN. In this work package, the holistic evaluation and upgrading 
model, called UPGRADE®, will be developed. This model, employing artificial 
intelligence, heat and mass flow simulation, human behavioural modelling, structural 
response modelling and socio-economic impact assessment, will be validated through 
tests in work package 6. The last work-package, work package 7, is devoted to the 
promotion and dissemination of the results. The work packages 1 through 4 aim to 
develop new measures to reduce the probabilities and to mitigate the consequences of 
fires in tunnels and will deliver the input for the upgrade model. 
 
COHERENCE AND INTERACTIONS WITHIN UPTUN 
 
Figure 1 shows the distance to the fire on the vertical axis and the time on the horizontal 
axis. When a fire starts, immediate action should be taken to detect the fire, prevent it 
from growing and monitor the developments. Work package 1 deals with prevention, 
detection and monitoring. When time goes by, the fire grows and mitigating measures to 
prevent the fire development should be taken. Work package 2 focuses on gaining 
knowledge of fire development and developing effective measures to mitigate the 
consequences of a fire. The next step in this process is the evacuation of people. Since the 
knowledge on human response is an important but yet largely unknown factor, work 
package 3 focuses on human behaviour of evacuees as well as operators and rescue 
services. When the time progresses, the fire grows and the structural integrity may come 
in danger. Therefore, work package 4 deals with measures to improve the structural 
response. The figure shows that work packages 5 through 7 are global work packages and 
using the results of the first four work packages as input. Work package 0 is the overall 
project management. As can be seen from figure 1, the seven work packages of UPTUN 
comprise the whole range of a fire taking place; from the prevention and detection of a 
fire until the structural response to a fire and the validated model to upgrade an existing 
tunnel to current standards and requirements. 
 
Figure 2 shows the interaction within UPTUN again, combined with the interaction 
between other tunnel safety projects, such as Darts and FIT. The interaction between the 
work packages devoted to the process of fire development is shown, as well as the 
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interaction within the global work packages. Finally the interaction between the dedicated 
and the global work packages is shown. Work package 0 interacts with all seven technical 
work packages. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:UPTUN project overview: Roles of individual item work packages (WP1-4) and 
global work packages (WP0, WP5-7). 1 
 

Figure 2: Project process flow 2 
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The UPGRADE model is the heart of the UPTUN project. The upgrade procedure, 
developed by professor Khoury, is, as shown in figure X, very complex. Based on the 
safety targets, constraint programming and mass-heat flow modelling will be used to 
model the development of the fire in a tunnel. The output will be used to predict the 
consequences for people and structure. With the help of tenability diagrams and risk 
profiling, the benefits of upgrading will be calculated and a cost/benefit assessment can 
be made. When the outcome does not match the expectations, various solutions to 
improve the safety level can be suggested and evaluated, where after the procedure can be 
applied again, until the outcome of the cost/benefit analysis matches the safety and cost 
targets. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
 
 
 
 
 
Figure 3: UPGRADE procedure 3  Figure 4: Runehamar fire tests 4 
 
 
THE RESULTS AND FUTURE RESEARCH 
 
The results of the first year’s research will be presented work package by work package 
and start with work package 1.  

 
Work package 1 
 
In WP 1, a database has been developed and a listing of European tunnels and their 
characteristics has been fed into it. The characteristics of tunnels have been identified, 
such as the kind of traffic, the maximum speed and the construction method. Furthermore 
the safety measures and the number of fires that have occurred have been inquired. The 
aim is to fill this database with all European tunnels and be able to analyse its contents, to 
gain knowledge on for example the amount and severity of fires in tunnels, the percentage 
of rail tunnels, the amount of tunnels which are ventilated, and so on. From this database, 
the causes of fires and the existing prevention, detection and monitoring systems can be 
deduced, analysed and used for further research on innovative systems. Furthermore in 
this work package innovative detection and monitoring systems will be explored and 
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analysed, based on the findings of the database analysis. These innovative systems will be 
prototyped and tested. 
 
Of course it is always possible to contribute to these issues. For example by feeding the 
database with more tunnel information. If you would like to add more tunnels to the 
database please visit www.uptun.net, click on the ‘links’ button and use the word ‘tunnel’ 
as login name and password. Another opportunity to contribute to the work of work 
package 1 is when you or your organisation has an innovative safety measure and would 
like to have it evaluated and/or tested. This might be possible to do within the boundaries 
of the UPTUN project.  
 
Work package 2 
 
In work package 2, major full-scale fire tests have been performed in the Runehamar 
tunnel. Until now no experimental data was available on fires of 50 MW and more. 
Therefore these tests have been conducted to obtain data and knowledge about the fire 
spread and the rate of heat release. The obtained data and knowledge will be used to 
develop design scenarios and make predictions about smoke development and the rate of 
heat release. Furthermore the ventilation, structural safety, escape possibilities and the 
installations can be designed according to justified fire scenarios, thus being better 
prepared for such situations. With the knowledge gained in these tests, the existing 
systems will be evaluated and new mitigation measures will be developed and tested. 
During the Runehamar fire tests, especially semi-trailer fires have been investigated with 
regard to fire spread and rate of heat release. Since the Runehamar tunnel may not be 
damaged as a result of the fire tests, it has been protected in a unique way. A steel 
structure is placed in the tunnels and heat resistant boards are applied on the structure to 
prevent the wall from damaging. The heat resistant boards are supplied by Promat and 
applied by Gerco BV. At least one obvious conclusion can be drawn from the Runehamar 
tests: also very common goods, which are normally not classified as dangerous, can cause 
a large fire!  
 
Next year we plan to have additional tests, for example on innovative mitigation 
measures such as water mist systems. The innovative mitigating measures that will be 
tested and evaluated in UPTUN include fire suppression, for example by means of the use 
of water mist technology and isolation of the fire (i.e. compartmentalisation), for example 
by means of inflatable tunnel plugs to starve the fire from oxygen and separate smoke 
from people. Various parties have showed their interest to participate in these tests. So if 
you are interested, feel free to contact us. But be aware that the possibilities are limited. 
 
Work package 3 
 
In work package 3, the focus lays on the human behaviour of evacuees, operators and 
emergency services. In the first year, the identification of knowledge gaps on the issue of 
human behaviour has started. Since knowledge on evacuation is limited, data and videos 
of evacuation tests and of people boarding and alighting trains (with as well as without 
luggage) have been analysed. The video that has been made in the 2nd Benelux tunnel in 
The Netherlands shows an evacuation test with people that are not informed or instructed 
beforehand. A truck drives into the tunnel and is supposedly on fire. The truck stops and 
blocks the road. The cars behind the truck come to a stop. Thick smoke comes from the 
truck, but the car drivers stay in their cars. It is amazing to see how much time it takes 
before people act and start evacuating. It proves to be very important to instruct people in 
an effective way to leave their cars and evacuate to a safe place. Another video shows that 
people that have already found the emergency exits, start to return to the tunnel to lock 
their car, to save personal property, or just out of curiosity. 
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The results from these evacuation tests will be used as input for the CRISP model. This 
evacuation model will be further developed throughout the UPTUN project. The results 
from studies and tests will be fed into the model, to achieve as much resemblance with 
actual evacuation processes as possible. In CRISP, knowledge on human behaviour, the 
influence of heat and toxic gases on humans, jostling to get through an emergency exit 
etc. is contained. Figure 5 shows the model. The first bar shows the tunnel from above. 
Here one can see the seat of the fire and the people, represented by black dots, running 
away from the fire. The second beam shows a lengthwise section of the tunnel, showing 
the temperature. Close to the seat of the fire, the temperature is the highest and cools 
down further away from the fire. The bar at the bottom of the picture shows the smoke 
movement, with the thickest layer close to the fire and becoming thinner and thinner 
further away from the fire. The long black stripes are emergency exits and the small black 
stripes are evacuees, fleeing from the fire. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 5: CRISP (BRE) 5 
 
Also the interviews with operators, although ahead of schedule, have been started. The 
knowledge generated from the evacuation tests and the evacuation model will be used to 
develop methods and measures to influence the human behaviour of tunnel users to 
prevent as well as to mitigate the consequences of accidents. 
 
Work package 4 
 
In work package 4, research has been done to gain insight into the element behaviour by 
identifying the critical elements of the structure. Critical elements are understood as 
elements for which fire damage can result in severe consequences. The critical elements 
may be load-bearing elements such as main structural elements or joints and other details 
or it may be elements with no main structural purpose but with a separating function. The 
critical elements have been identified in a two-step process. First, a systematic 
investigation has been carried out covering incidents in tunnels and specific tunnel fire 
tests. For the incidents and tests the critical items are concluded. Second a brief in-depth 
analysis has been made of these studies, so as to identify the most critical areas, worth 
exploring further for improvements and innovations. Based on these studies the selected 
critical areas are discussed with respect to load bearing capacity, consequence of failure 
and possibilities for tests and risk reducing measures. The most critical elements 
identified will be further explored for improvements and innovations. Several tunnels 
where a fire occurred have been investigated, such as the Great Belt tunnel, the Channel 
tunnel, the Mont Blanc tunnel, etc. The achievements of this task are used to propose 
several tests and will furthermore be used in subsequent tasks to develop new mitigation 
measures to avoid or limit structural damage to an acceptable level and provide fast and 
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efficient repair methods. Work package 4 will further focus on procedures to reduce 
critical behaviour and procedures to optimize repair and recovery.  
 
 
Work package 5 
 
In work package 5, the first result is a listing and categorisation of safety features to be 
evaluated. The listing of safety measures has been categorized using the following 
categories:  
 
- Prevention methods 
- Detection/Monitoring systems 
- Suppression systems 
- Ventilation systems 
- Illumination systems 
- Communication systems 
- Evacuation systems and procedures 
- Structures 
 
Furthermore, the interactions between safety measures that may occur have been 
identified in a so-called interaction matrix. In the interaction matrix, various safety 
measures have been plotted against each other and marked with: ++ (extremely positive 
effects), + (positive effects), 0 (no effects) or – (negative effects). 
 

 
Figure 6: Interaction matrix 6 
 
Also the overall procedure for upgrading has been developed, as presented earlier. The 
listing of safety measures and their interactions will be used for the setting of criteria for 
evaluating the safety levels of the individual systems-processes-components-structures 
within tunnels in general. The computational procedure UPGRADE, which is a 
methodology capable of evaluating the safety levels of existing tunnels in a holistically 
manner, rather than an additive manner, will be further developed. When the various parts 
of the procedure have been performed, they can be fit into the holistic method. An 
existing tunnel will be selected and investigated as a prime example of the capabilities 
developed within this work package. The work will be finalised by performing a 
financial, socio-economic, macroeconomic and environmental valuation of upgrading 
Europe's tunnels to improve fire safety.  
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Work package 6 
 
In work package 6, a lot of preparations have taken place for the full-scale tests that will 
be performed in the spring of 2005. Research has been done into full-scale tests that have 
been carried out previously. Also knowledge has been gathered on temperature versus 
time curves, on the behaviour of materials exposed to high temperatures and numerical 
modelling. The achievements will be used to decide on the full-scale fire tests that will be 
carried out in the Virgolo tunnel in spring 2005 to validate and demonstrate the 
UPGRADE model. Brennero has made this tunnel available to UPTUN. 
 
Work package 7 
 
In work package 7, quite some results have been achieved. Research has been done into 
the micro and macro economic impacts and the social effects of incidents and accidents in 
tunnels. This is especially useful to compare upgraded tunnels with not upgraded tunnels. 
Moreover, it is an important means to communicate with decision makers and politicians. 
Furthermore, an inventory has been made of national, international European and extra-
European research projects on tunnel safety. A selection has been made of the projects 
that seem most likely to have overlap on certain research goals and/or to have 
investigated and tested safety measures which can be of importance to the UPTUN 
project. On the identified areas, close cooperation will take place between UPTUN and 
the other projects. Whenever you would like to add more projects to this list, you are 
welcome to let us know via email or telephone. Furthermore, UPTUN’s goals for 
promotion and dissemination have been pursued actively. Various presentations have 
been given and papers have been written, e.g. at the ITA conference in Amsterdam. Also 
several articles have been published in various magazines. The next step will be a study 
on the feasibility of a European Tunnel Safety Board, which will start in the beginning of 
2004. For promotional purposes, an UPTUN poster wall has been designed and made. 
The poster focuses on the objective of the UPTUN project, safe tunnels, by using a 
picture that gives an impression of a safe and pleasant tunnel. The poster wall has a fixed 
part on the left side and in the centre showing the composition of the consortium and the 
support of the European Commission. It also has a variable part on the right side, which 
at this moment shows the Runehamar fire tests as a part of work package 2. The poster 
wall can be used by every partner for promotion at special occasions, such as 
conferences, exhibitions and events. If desired, banner on the right side can be custom-
made for varying occasions. For more information, please contact TNO. 
 
 



International Symposium on Catastrophic Tunnel Fires (CTF), Borås, Sweden, November 20 – 21, 2003 
 
 
 
 

 136  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7: UPTUN poster wall 7 
 
CONCLUSIONS AND RECOMMENDATIONS 

 
It can be concluded that UPTUN has had a successful takeoff and is having a good flight. 
Quite some deliverables and output have been achieved in the first year. According to the 
European Commission, UPTUN is the last tunnel research project, so… take your chance 
to contribute before it is too late! There are various ways to contribute: for example in 
work package 1 by adding tunnels to the database or by presenting innovative systems 
which could be tested or evaluated within UPTUN. Another contribution could be to add 
research or test projects on tunnel safety to the listing of work package 7. Feel free to 
contact me whenever you have any questions. 
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INTRODUCTION 
 
Promat belongs to the world-wide known Etex group, which mainly focuses on the pro-
duction of building materials. Promat’s network consists of 36 subsidiaries all over the 
world enabling us to provide local support to all involved parties in a tunnel building (or 
refurbishing) process. Through the years Promat has supplied their PROMATECT 
materials to over 110 tunnels, on al continents.  
 
In preparation of the full-scale fire tests in the Runehamar tunnel, Promat has conducted 
several lab tests to judge if the intended system would meet the requirements. Normally 
fire protective materials in a fire test are only used once. For the Runehamer tests the 
construction should be able to withstand 4 tests.  
 
 
WHY FIRE SAFETY IN TUNNELS? 
 
SAFEGUARDING PEOPLES LIVES  
A tunnel fire is an immense disaster. Images of recent catastrophes will always remain in 
our minds. 
 
Safeguarding peoples lives means installing and maintaining escape possibilities.  
Escape possibilities require:  
 
• Smoke extraction and ventilation systems 
• Escape signs and fire doors 
• Fire and smoke resistant safe havens  
• Construction integrity  
• Compartmentation  
• Integrity of technical installations so that light and communications remain available  
 
Preventing economical damage 
Fire damage to a tunnel always has enormous financial consequences. Of course, the 
repair costs are huge, but the effects on the infrastructure and economy are even larger. 
Tunnels have been out of order for months or even years after a fire. 
Economical damage can be prevented by:  
• Enhancing the fire resistance of the structure  
• Protection of the ventilation ducts and systems  
• Protecting power supplies and signalling cables  
• Detection systems  
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The effect of fire on concrete 
Although the massiveness and in-combustibility of a concrete construction seems 
immune to fire, graph 1 shows otherwise. After an increase of temperature of 500°C the 
strength of a concrete structure is halved! Starting at 200°C concrete will loose its 
strength. At 850°C the concrete strength is almost reduced to 0%. 
 

1. Concrete loss of strength 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
One of the major influences on the strength loss is the spalling effect of concrete.  
 
Important factors causing spalling:  
• Free & Chemically bound water combine to cause steam pressure build-up  
• Expansion Ratio of water-to-steam = 1 : 1700  
• Temperature in excess of 500°C  
• Concrete Grade dependant  
• Moisture content over 3% => spalling almost 100% within 30 minutes of exposure. 

Note :- on recent tests carried out on tunnels in Netherlands, the average moisture 
content of the concrete 10 years after construction was approximately 6 – 7%  
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High strength concrete structures 
These types of concrete (50 – 80 Mpa) suffer from more spalling compared to the 
standard types (35 – 40 Mpa). This is mainly due to the additives used in the production 
process of such concrete mixes.  
 
To avoid spalling, the allowed surface temperature of standard concrete types is approxi-
mately 380°C (based on RWS requirements) whereas high strength concrete types can 
only take roughly 180 - 220°C on the concrete surface. 
 

2. Spalling phenomenon on a concrete I-beam 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
PREPARING THE RUNEHAMAR FIRE TESTS, TECHNICAL APPROACH 
 
The effects of the intended fire loads on the heat release rate and the time temperature 
curve were unknown, prior to the Runehamar tests. Therefore TNO advised to fire test the 
intended construction to the Dutch RWS fire curve, exposing the panel to multiple fires. 
This RWS fire curve is still seen as the most severe hydrocarbon type of fire, due to it’s 
rapid temperature rise in the first 5 minutes, creating a thermal shock to the tunnel lining 
and reaching a maximum temperature of 1350°C. 
 
The challenge for the PROMATECT®-T panels was described as follows: 
• Being able to withstand 4 fires with maximum temperatures going up to approxi-

mately 1400°C. 
• The temperature criterion on the rock was set to be 250°C. This was perceived to be a 

safe temperature for the rock material to avoid damage. 
• The system was not allowed to show any integrity failures. This was applicable for 

the PROMATECT®-T panels and the sub-frame including the fixation materials. 
• The aim was to design an easy to install system in view to reduce the installation time 

required to install the whole system, and to enable people to replace panels in the 

Source: 

Exposed to ISO-834 curve
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unlikely event of damaged panels (mechanical impact). Promat also wanted to have 
the possibility to extract fire exposed panels from the tunnel, in view to investigate 
these in the Promat Research and Technology Centre (PRTC). 

 
 
PRE-QUALIFICATION OF THE INTENDED SYSTEM   
 
Three consecutive fire tests were done at the Gerco laboratory in order to judge:  
1. the panels integrity after 3 fires 
2. the integrity of the chosen, easy to install, fixation materials and system.  
 

3. Construction set-up during fire test 
 
 
    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As shown on the above image (3.) the panels were hung on threaded rods (M6), which 
was also the case in the actual situation. Normally such a fixation method is not to be 
recommended for tunnels, which are in operation.   
 

4. Heated PROMATECT®-T panel and fixations 
3.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The heat sink effect through the steel fixation materials, threaded rods, was also investi-
gated. Two out of four anchors were left unprotected (4.) and the temperature rise on the 
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non-exposed face was measured on the protected, as well as the unprotected threaded rod. 
As can be seen from the below graph (5.), the temperature difference was perceived to be 
negligible. The maximum temperatures were respectively 193ºC and 174ºC.  
 
The maximum furnace temperature (in test 3) was recorded to be 1350°C, which is com-
parable to the maximum temperature of the RWS fire curve.  
The below graph (5.) shows the temperature recordings on the non-exposed face during 
test number 3. 
 

5. Thermocouple recordings during test 3 on the non-exposed face 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Even after three fire tests the non-exposed face of the boards remained well below 200°C, 
whereas the maximum allowed temperature on the rock was 250°C. The heat dissipation 
in the gap between the PROMATECT®-T boards and the rock would also create some 
additional cooling effect.  
 
 
CONCLUSIONS OF THE PRE-QUALIFICATION TESTS 
 
• During three consecutive fire tests no integrity failures were recorded for the 

PROMATECT®-T panels and the sub-frame, including the fixation materials. 
• The maximum temperature on the non-exposed face of the PROMATECT®-T panels 

was 186°C, which is well below the criterion of 250°C. 
• No major negative influence of penetrations of the threaded rods were found 
 
Based on the above experiences Promat was confident to proceed with the described 
system and offer it to the UPTUN partners for use in the full-scale fire test programme in 
the Runehamar tunnel in Norway. 
 
As we know now, the described system behaved very well, and all partners were satisfied 
with the results. 
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Further detailed explanation about the outstanding fire performance of PROMATECT®-T 
boards, can be found in the paper by Dr. Octavian Anton, Director of the Promat 
Research and Technology Centre (PRTC), titled “Runehamar tunnel fire test – UPTUN, 
fire protection”. 
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Runehamar Tunnel Fire Tests –  
UPTON: Fire Protection 

 
 

Octavian Anton , Xiao Wu 
Promat International NV, 

Belgium 
 
 
1. INTRODUCTION 
 
A good construction is a safe construction and an important factor is fire safety. The 
Promat organisation, a component of the world wide known construction materials Etex 
Group, has long experience in fire protection of different constructions from buildings to 
tunnels, from airports to a sports stadium. Promat offers not only a large range of 
products – PROgressive MATerials - but also systems, adapted concepts for most 
efficient fire protection of people and goods.  
  
Confronted with a large variety of demands, evolving in parallel and together with 
security legislation in different countries from different continents, Promat has 
introduced from its creation time a specific concept in developing products, systems, 
services including free advice and detailed documentation for Fire Protection needs. 
 
Promat International has a long experience in providing effective fire protection solutions 
for tunnels . Products were developed for fire protection of concrete structures , venti-
lation systems , communication systems , escape infrastructures . Products and systems 
are considered together and tested and certified in different accredited international 
laboratories. Different solutions are generally tested in simulated fire conditions with 
temperatures described by specific curves still under discussion by the international 
specialised community : RWS , HCM , RABT , ISO . 
 
Runehamar tunnel fire tests in the frame of UPTUN project were organised , using real 
natural conditions , in view to investigate on thermal output and smoke development 
from burning cargoes trucks (no hydrocarbon fire considered) , on resulting effects of 
different fires on the tunnel structure, investigate on the effects of the longitudinal 
ventilation on the development of fire . 
 
Promat International offered its experience and proposing for test in particular 
construction conditions a new generation of fire protection materials with outstanding 
performances thanks to a new concept in product development and manufacturing.    
 
2. MINERAL ENGINEERING AND PRODUCTS WITH ENGINEERED 

MATRIX  
  
The known, largely used, development and manufacturing techniques of a product aimed 
to fire protection is the combination of different inorganic raw materials in view to obtain 
an incombustible , fire resistant product with needed physico-mechanical characteristics.  
 
Promat’s Research and Technology department developed a new approach in products’ 
manufacturing. Selected mineral phases are synthesised by a controlled crystal growth 
technology. This mineral engineering applied by specific manufacturing technologies 
allows to realise the best performances for a given application. Not only the crystallo-
chemistry is controlled but also the morphology and the crystals assembling manner 
(figure 1) , thus realising a product with a specially designed porosity, density, 
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mechanical performances, thermal conductivity, dimensional stability in diverse humidity 
and temperature conditions; a product with an engineered matrix. 
 

 
 

Fig.1 Controlled crystal growth technology for engineered matrixes. 
 
 
3. HIGH PERFORMANCE PRODUCT 
 
A new generation of high performance products - PROMATECT®-T - was launched 
with multiple advantages for the protection of concrete structures, construction of escape 
routes, fire doors, cable systems , ventilation systems.  
 
Designed to answer all but including the most severe fire scenario as described by 
the RWS fire curve, this product is not only a barrier to fire or a kind of ceramic 
protection, but for a certain period of time plays the role of a fire brigade by cooling 
down in pre-designed steps the near environment of the board. Afterwards 
becoming an efficient thermal insulator at fire temperatures up to 1400° - 1500°C . 
 

Fig.2 - The outstanding performance of matrix engineered product:  
thickness / fire rate compared with known , standard type of products . 
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The engineered matrix products can easily secure a same temperature value at the inter-
face with a concrete structure only with half of the other products thickness (figure 2). 
 
Although designed as panels, the engineered matrix allows curving on site of a board to 
cover surfaces with a diameter of curvature down to 8 meters (figure 3). Easy to install by 
clean techniques (figure 4, Toulon tunnel), the application of the engineered matrix 
products can be realised on existing tunnels without total neutralisation of the traffic. 
 

Fig.3 - Maximum on site curving capabilities of the Promatect-T board 
 
 

 
 

Fig.4 -  Toulon tunnel protected with the PROMATECT®-T boards for ceiling , 
escape routes , smoke extraction ducts and fire doors . 
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4. RUNEHAMAR TUNNEL FIRE TESTS (NORWAY)  
 
PROMATECT®-T board has been used for fire protection in real tunnel fire tests in 
Runehamar tunnel (Norway) , tests organised within the framework of EU project 
Upgrading Existing Tunnels (UPTUN) with pre-designed conditions as shown in the 
Table 1 . 
 
 
Table 1 Planned test conditions (data from SP – Fire Technology , Sweden) 
 

Test Test Commodity Estimated 
heat content 

(GJ) 

Longitudinal 
ventilation 

(m/s) 

Mass ratio 
cellulose/plastic 

0 4 MW pre-test with 
diesel to check 

instruments 

- 3 - 

1 TC 3 – wood pallets + 
PE pallets 

240 3 82/18 

2 TC 2 – wood pallets + 
PUR 

129 3 82/18 

3 TC 4 –furniture’s 152 3 82/18 
4 TC 1 – carton+PS 67 3 81/19 

 
Where,  

 
• Test Commodity 1(TC1) – 600 corrugated paper cartons with 

interiors (600 mm x 400 mm x 500 mm ; L x W x H) and 15 %  of 
total mass of unexpanded polystyrene cups and 40 wood pallets, 

• Test Commodity 2 (TC2)– 200 wood pallets and 200 PUR madrasses 
measuring 1200 x 1000 x 150 mm. 

• Test Commodity 3 (TC3)- 320 wood pallets measuring 1200 x 1000 
x 150 mm and 80 PE plastic pallets measuring 1200 x 800 x 150 mm, 

• The furniture test will include about 7 – 8 tons of furniture. 
 
Due to irregular shape of the Runehamar tunnel , the PROMATECT®-T boards were 
installed suspended on a metal frame ; there is no direct contact between the board and 
the rock (Fig.5) . The tests were aimed between other parameters at measuring the per-
formances of the fire protection in different fire conditions when no concrete structures 
are present (concrete contributes generally to fire resistance of products by a cooling 
effect), no joints protection exists and the boards were submitted to multiple exposures in 
successive fires. 
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Fig.5 Designed fire protection system for the Runehamar tunnel fire tests : in red 
the metal frame on which the PROMATECT® - T boards were fixed 

 
 
 
The figure 6 illustrates the temperatures developed in the tunnel during the first fire test  

Fig.6 Temperatures measured during the most severe test (test # 1) 
 

(the red curve , temperatures indicated on right side) and the temperatures measured on 
the cold side of the boards (temperature values indicated on left side of the graph). 
 
The results demonstrate that the fire temperatures reach 1365°C in a normal fire (normal 
cargo truck) , no hydrocarbon fuel being used . The curve overlaps very well the hydro-
carbon (very first minutes) and RWS fire curve (reaching 1350°C) up to 30 minutes. With 
this catastrophic tunnel fire, the maximum temperatures registered on the cold side of the 
PROMATECT®-T 1x25mm boards and 2x15mm boards were 210°C and 179°C respec-
tively (to correctly consider the relation temperature / thickness of the boards see the lo-
cation detailed here below) . These temperatures are far below the considered limit of 
250°C , agreed by the partners of this project . Moreover , the proposed system was tested 
on laboratory scale previous to final decision (see presentation of Promat BV on this 
programme). 
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Fig.7- Promatect-T stability after the test 1 
 
Some boards were collected (Fig.8 shows the locations) for detailed investigations on the 
matrix behaviour after exposure to most intensive fire or to successive fires (total of 4) . 
Samples A and B are from overlapped 15mm boards situated at the vertical of the fire , 
10m downstream, place where the temperature has reached 1365°C . Sample A was on 
fire side , sample B backside. 
 
A sample C came from a 25mm board situated at the vertical of the source of fire but 
facing somewhat lower temperature due to the horizontal ventilation. Samples A and B 
were exposed only to the fire test # 1 , sample C was exposed to all four fire tests. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.8 – sampling locations. 
 
 
Scanning Electron Microscopy (SEM/EDX) and X-ray diffraction (XRD) were used to 
investigate on matrix details to establish the profile of temperature evolution inside the 

Pt-T 25mm board

Pt-T 25mm board  
Sample C, ± 0 m to fire

2xPt-T 15mm board 
sample A&B, 10m to 
fi
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product during the fire tests ; the matrix integrity was examined by SEM on polished 
sections , back-scattered conditions.  
 
Thanks to mineral engineering technology , PROMATECT®-T has “mineral tracers” , a 
kind of on site thermometers that can inform about the evolution of the temperature at any 
place on the board .  Figure 9 illustrates the evolution of temperature from the hot to the 
cold side through the thickness  based on mineral phases transformations and engineered 
crystal morphologies modifications . Some details are shown in figures 10, 11 and 12 . A 
temperature profile can be established with maximum 1150°C at 3mm deepness from the 
exposed surface , maximum 900°C at 7mm , maximum 200°C at 20mm from the exposed 
surface inside the boards ; the board was exposed up to 1365°C in this test . 
 
X-ray diffraction analysis from hot to cold side of the boards demonstrates that on 
exposed face, on a thickness of 3 – 4mm , a layer of a ceramic insulator was formed at 
temperatures between 1150° and 1350°C . No defects are created into the matrix during 
this process (see fig. 10 , left upper side) . 
 
The same investigation applied to the sample C revealed that the maximum temperature 
the exposed face of the board has received was  below 1000°C . The temperature was not 
high enough , and not necessary , to develop the thermal insulator layer .  
 
As for the other samples , the SEM/EDX and XRD analysis demonstrate the perfect 
stability of the matrix of the boards that preserves intact the necessary functions for fire 
protection.  
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Fig.9 Position of the sample A and B 

 

 
 
Fig.10 Sample A 

 

 
Fig. 11 Sample A 

 
 
 
 
 

 
Fig.12 Sample B 

 

 
NB : the numbers on each picture correspond to the photo number on fig. 9 . 
 
 
 
5  GENERAL COMMENTS AND CONCLUSIONS  
 
PROMATECT® -T as boards was used for fire protection of the Runehamar tunnel 
during the four successive fire tests performed in the frame of UPTUN project. The 
boards were installed suspended on a metal frame without joints protection or other 
special care . The Runehamar tunnel fire tests were extremely important by the full scale , 
normal conditions for the fire and the quantity of very valuable data collected on essential 
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aspects for the safety considerations in relation to tunnels : the thermal output and smoke 
development when burning normal cargoes trucks (no hydrocarbon involved) , the spread 
of fire , the gas composition , the radiation values , the effect of the horizontal ventilation 
as used by a fire brigade . For details on these parameters , see specific presentations from 
documents of the International Symposium on Catastrophic Tunnel Fires (CTF) , Borås , 
Sweden. 
 
What was clearly demonstrated is that even with a normal cargoes truck in fire , the tem-
perature will reach more than 1300°C ;  three out of four fires were measured with a HRR 
between 125 MW and 203 MW.  
 
The radiation investigations have shown that the thermal load on walls (PROMATECT® 
- T) was measured at maximum 1200°C during 20 minutes for the first test . This value 
demonstrates the cooling effect of the board by the mineral engineered structures . The 
examination by electron microscopy has proved that inside the boards the temperature 
decreases rapidly and is kept generally below 200°C on the backside of the boards (with 
the given thickness) . 
 
To remind that the boards were independent , no contact with a concrete structure . The 
rock , considered strong enough to resist different stresses including thermal stress , starts 
spalling at temperatures below 100°C in these tests. And this despite the fact that , for 
precaution reasons , a thin layer of high temperature resistant concrete spray was applied 
on the rock zone of the fire tests before starting this programme. 
 
From the fire protection product (PROMATECT® - T) point of view , it was demon-
strated that : 
  

- the product is capable to resist high intensity , high temperatures developed in a 
fire in tunnels (203 MW , 1365°C) ; 

- the mineral engineered matrix , totally new approach in fire protection materials , 
plays immediately the role of a fire brigade by cooling down the environment of 
the tunnel structures and components , being later a very effective thermal insu-
lator ; 

- temperatures below 200°C can easily be kept for long time on the tunnel struc-
tures side with the calculated thickness applied ; 

- the integrity of the board was demonstrated down to the micron scale , even after 
successive fires ; 

- PROMATECT® - T is easy to install and replace when necessary after a fire 
from the exposed part of the tunnel , securing a low cost and short time for 
repairs and re-opening of the tunnel;  

- spalling is a major danger for evacuation in case of fire , for the access and secu-
rity of fire brigades and the cost of repairing . It was demonstrated by this 
experiment that even hard rocks can spall if not protected by a concrete structure 
or by a convenient thickness of PROMATECT® - T boards.  

 
Special qualities of fire resistant concrete containing polypropylene fibres , claimed 
having limited spalling and no need for protection in case of fire are proposed today . 
But one important point is that in case of fire the mechanical properties of such con-
crete are strongly diminished and the replacement is necessary in view to rebuild the 
required properties of the tunnel structure . To avoid structural failures by lack of 
mechanical characteristics , a fire protection by PROMATECT® - T is a very 
effective solution. 
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Are Sprinklers the Solution to Prevent  
Catastrophic Tunnel Fires? 

 
 
 

Alan Brinson 
European Fire Sprinkler Network 

 
 
 
 

ABSTRACT 
 

A series of catastrophic fires in Europe have shown that our current approach to tunnel 
fire safety is inadequate. However, the loss of life has been modest compared with annual 
road deaths or even with fire deaths in other structures. This paper discusses whether 
there are circumstances in which another catastrophic tunnel fire could occur, and when 
authorities should consider the installation of extinguishing systems in tunnels to prevent 
fire escalation. The approximate cost of an extinguishing system in a tunnel is €1-2 
million per tube per kilometre. 

 
The conclusion is that all tunnels are vulnerable to a catastrophic fire but that investment 
in an extinguishing system cannot be justified for every tunnel. Only tunnels of high eco-
nomic or social value should be fitted with extinguishing systems. 
 
CAN CATASTROPHIC TUNNEL FIRES OCCUR? 
 
The answer to this rhetorical question is of course "Yes". Europe has seen fatal, catastro-
phic fires in the Mont Blanc tunnel, the Tauern tunnel, the St. Gotthard tunnel and most 
tragically of all in the tunnel leading to the slopes of the ski resort of Kaprun, where 155 
people died. And only luck prevented serious loss of life in the Channel tunnel fire. 

 
These fires showed that our current assumptions about how fires could escalate in tunnels 
and the size they could reach were wrong. Yesterday we saw the latest test results from 
the Runehamer tunnel. SP and its partners have shown that a heavy goods vehicle, HGV, 
laden with a modest combustible load can produce a fire of 200 MW. Major European 
tunnels carry many such vehicles every day. Fortunately not many of them are involved 
in road accidents in the tunnel and when they are involved in a road accident fire does not 
always result. Going further, even if there is a fire it is often extinguished using the port-
able extinguishers carried on the HGV. 
 
Nevertheless, if fire does start on an HGV and it is not quickly extinguished, SP and its 
partners have shown that the fire can within minutes grow to a size that cannot be tackled 
by a portable extinguisher or a hose reel. In fact the fire rapidly reaches the point at which 
it involves other nearby vehicles. 
 
 
BUT SHOULD WE DO SOMETHING? 
 
The brutal truth is that awful as these fires were, relatively few people died. Although we 
have technologies to reduce the chance of a catastrophic tunnel fire, the cost to protect 
every long tunnel would run into many €billions for a modest saving in loss of life. 
Nevertheless we should recognise that although today we are still able to hold a rational 
argument about costs and benefits, if tomorrow there is another catastrophic tunnel fire 
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with multiple loss of life this debate may be taken away from the tunnel fire safety 
community and held on the front pages of the press. The consequences of that may be that 
governments are forced to demand excessive safety measures, as has happened with 
passenger trains in the United Kingdom. 
 
Aside from loss of life, the economic loss of closure of a tunnel for a lengthy period can 
be huge. The Mont Blanc tunnel is a vital artery connecting France with Italy. Its closure 
for three years greatly added to freight costs as HGVs had to take longer routes. Longer 
routes mean delivery delays, slowing the performance of the economy and adding to 
inventory costs as businesses increase their inventory to absorb the longer lead times. The 
closure of the Channel tunnel reduced competition for cross-channel car and freight 
traffic. 
 
For the towns and villages on the alternative routes taken by traffic, quality of life is 
harmed and of course the pollution from longer journeys is an added burden on the 
environment. For regions that rely on a tunnel for access to the wider transport network, 
protracted closure of the tunnel means isolation, exclusion and probable loss of 
investment. 
 
For all these reasons there are certain key tunnels that we cannot allow to fail. 
 
 
SO HOW DO CATASTROPHIC FIRES OCCUR? 
 
There are a number of scenarios that can give rise to a catastrophic tunnel fire. Here are a 
few examples: 
 

• There is a traffic accident in a tunnel and a vehicle catches fire 
• There is a traffic jam after a tunnel - traffic stops in the tunnel and a rear end 

shunt occurs leading to a fire 
• A vehicle spontaneously catches fire in a tunnel 
• A vehicle is on fire as it enters a tunnel 

 
With these and other possible scenarios, the probability of a fire occurring in a long and 
busy tunnel over the lifetime of the tunnel is 1. In fact we know that tunnels such as the 
St. Gotthard have 7-8 fires each year. 
 
 
WHAT INFLUENCES THE PROBABILITY OF A CATASTROPHIC FIRE? 

 
In general the factors that influence the probability of a catastrophic fire occurring can be 
grouped as those that influence the probability of any fire occurring and those that influ-
ence the ability of the emergency services to respond. The lists below are not exhaustive 
but are indicative and intended to help us think about this situation. 
 
Factors that influence the probability of a fire occurring in a tunnel: 
 

• Tunnel length 
• Uni- or bi-directional flow 
• Lighting 
• Speed limits 
• Lane width and curves 
• Traffic density 
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Factors that influence the ability of the emergency services to respond: 
 
 

• Distance from fire station 
• Professional or retained fire crew 
• Preparation and training of fire crew 
• Tunnel length 
• Single or double tube with cross access 
• Traffic density 
• PRESENCE OF AN EXTINGUISHING SYSTEM 

 
In fact the tunnels that are most likely to suffer a fire are often those that are most diffi-
cult for the fire brigade to access in the few minutes before the fire reaches catastrophic 
dimensions. These tunnels are also those which society can least afford to lose: 
 

• Busy tunnels 
• Tunnels that join communities 
• Tunnels that greatly shorten transport links 

 
WHAT HAPPENS IN A TUNNEL FIRE? 
 
If all goes according to plan, when there is a fire in a tunnel the ventilation system will be 
turned up and direct smoke away from the flow of oncoming traffic. Cars downstream of 
the fire will drive out of the tunnel and those upstream of the fire will be abandoned by 
their owners, who will leave the tunnel by the nearest emergency exit. 
 
This is the theory for a tunnel holding traffic running in one direction. However, traffic 
could be held up downstream of the accident by a traffic jam. Blowing the smoke and 
heat over this traffic will quickly kill anyone in that part of the tunnel, as we learnt yes-
terday. If there is a risk of traffic hold-up downstream of a fire, cross-ventilation should 
be used. 
 
It is also not at all certain that owners of cars will abandon them as we saw in the 
Norwegian test. Nobody wants to abandon his car and then see the traffic move off. 
Without loud and clear instructions over a public address system it will take some time, 
possibly too long, for people to abandon their vehicles. 
 
The theory expects people to leave the tunnel by the nearest emergency exit. That 
presumes that there are many exits and that people recognise them as emergency exits. It 
also presumes that these exits can be accessed by disabled people. In many tunnels it is 
questionable whether the emergency exits are adequate. 
 
While evacuation of the tunnel progresses, the fire service arrives. This assumes that it is 
not prevented from reaching the tunnel by traffic. Very busy tunnels, even those with 
unidirectional flow, often have stationary traffic on both directions. It would be difficult 
for the fire service quickly to access a fire in these circumstances, and speed of access is 
critical to prevent escalation of the fire to catastrophic proportions. 
 
MANY TUNNELS MAY NOT BE PREPARED FOR A CATASTROPHIC FIRE 
 
SP and its partners have shown that within a few minutes a fire involving an HGV 
carrying a modest, everyday load of combustible material, can reach a heat output of 200 
MW. This is many times the heat release for such a fire in the open air and many times 
the heat release assumed by tunnel fire safety practitioners. 
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A recent study performed by TNO of The Netherlands for the operators of the M25 
Motorway around London showed that a 100 MW fire in the Holmesdale tunnel, 
northeast of London, would lead to tunnel collapse within one hour. As we have seen, 
many HGVs could produce such a fire. Senior British fire service officers have 
commented that they would not send in their men to tackle such an intense fire, ruling 
that it would be irresponsible to do so, not just because of the intense heat but the risk of 
being hit by large pieces of spalling concrete. There is thus a scenario where an HGV 
causes an intense fire, the fire service does its best to evacuate those still alive from the 
tunnel and then draws back while the tunnel collapses. The tunnel would then be out of 
service for many months of longer. Aside from the economic loss this would be a serious 
political embarrassment for the government of the day. 
 
The above scenario does not only apply to the Holmesdale tunnel. Many European 
tunnels are equally vulnerable to collapse. 
 
 
WHAT CAN WE DO TO PREVENT CATASTROPHIC FAILURE? 
 
The first approach is to remove the risk, either by banning HGVs from using a tunnel or 
by sending in a fire truck with convoys of HGVs. Both approaches have cost implications 
and would be strongly resisted by the freight industry and its customers. 
 
Some suggest that the solution is to apply a protective coating to the tunnel that will with-
stand 200 MW and 1200 ˚C for many hours, so preventing structural collapse. While this 
may save the structure, the tunnel would still suffer enormous damage to its lighting, 
cabling, services and road surface. It would still require a lengthy closure to refurbish the 
tunnel. 
 
The only approach that can work is to prevent escalation of the fire to catastrophic pro-
portions. Given that escalation only takes a few minutes in the confines of a tunnel, the 
fire service will usually not be able to deploy in time. The only solution left is to fit a fire 
suppression system. 
 
 
TUNNEL FIRE SUPPRESSION SYSTEMS 
 
Tunnel fire suppression systems can be released either manually by the tunnel fire safety 
operator or automatically by a fire detection system. If operated automatically there 
should be a delay to evacuate the tunnel or allow an operator to prevent release if the 
detection system has malfunctioned. 
 
The tunnel is divided into longitudinal sections, known as zones. Each zone is covered by 
an array of open nozzles in the tunnel ceiling, connected by a pipe network to a water 
supply. Water is prevented from entering the pipe network by a valve, known as a deluge 
valve. When the system is required to operate the deluge valve is opened by a remote 
signal and water flows from all the nozzles in the zone. Water sprays onto the fire and the 
walls of the tunnel, cooling surfaces and the atmosphere. This prevents fire spread to 
other vehicles and makes it safe for the fire service to intervene and complete extin-
guishment. 
 
Systems are usually designed to flow water from up to two zones, should a fire occur at 
the boundary between two zones. Water is pressurised by pumps either to less than 12 bar 
for water spray systems, or to as much as 100 bar for water mist systems. Water spray 
systems use well-established technology that has been applied for over 40 years in tunnel 
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in Japan. There is less experience with water mist systems in tunnels but their appeal is 
that they require much less water. To reassure those who invest in a water mist system we 
need to define a series of performance-based fire and component tests to assess a tunnel 
fire suppression system and determine that it is suitable for the application. 
 
The cost of a water-based tunnel fire suppression system is €1-2 million per kilometre per 
tunnel bore. Longer tunnels tend to cost less per kilometre because the cost of the pumps 
can be spread over a longer distance. 
 
While there is limited performance data on tunnel fire suppression systems in Europe, 
Japan has employed such systems for over 40 years and has protected over 80 tunnels. 
Australia has also fitted water spray fire suppression systems in 8 tunnels. Both countries 
are satisfied with the performance of their systems. They have been used to control a 
number of tunnel fires and have not caused any problems. In both countries the aim of the 
system is to prevent fire spread and reduce temperatures so that the fire service can inter-
vene. Both countries have adequate experience to answer any technical questions from 
Europe. 
 
WHEN SHOULD WE INSTALL A FIRE SUPPRESSION SYSTEM? 
 
Although relatively modest at €1-2 million per kilometre per tunnel bore, it would cost 
several € billions to protect all European tunnels with a fire suppression system. The 
benefit in lives saved and economic and environmental savings do not at this time make 
such an investment justifiable. However, there are certain tunnels, key to a national or 
regional economy, whose loss for an extended period would not be acceptable. 
 
As with all fire safety questions, for us to decide which tunnels to protect we should start 
with a risk analysis. This should look at the probability of a catastrophic tunnel fire and 
the consequences of such a fire. 
 
 
CONCLUSIONS 
 
The above analysis has shown that most road tunnels are vulnerable to a catastrophic fire. 
It has also shown that some tunnels cannot be allowed to close for a long period due to a 
fire. A water-based fire suppression system will prevent a fire from escalating to catastro-
phic proportions by preventing spread to other vehicles and cooling surfaces and the 
atmosphere in the tunnel. 
 
Water-based fire suppression systems cost €1-2 million per kilometre per tube. This 
investment cannot be justified for all tunnels. We need to define a methodology and 
develop criteria to decide when to install a fire suppression system. We also need to 
define a series of performance-based fire and component tests to assess and prove new 
suppression systems that do not have the lengthy track record of the systems installed in 
Japan and Australia. 
 
 
YES, IN SOME CASES SPRINKLERS ARE THE SOLUTION TO PREVENT 
CATASTROPHIC TUNNEL FIRE





International Symposium on Catastrophic Tunnel Fires (CTF), Borås, Sweden, November 20 – 21, 2003 
 
 
 
 

 161

What can the fire brigade do 
about catastrophic tunnel fires? 

 
 

Anders Bergqvist  
Stockholm Fire Brigade 

Sweden  
 
 
 

ABSTRACT 
 
This report presents an overview of the ability of the Fire and Rescue Service to deal with 
major fires in road tunnels.  This is an area of common interest for both the Fire and 
Rescue Service, tunnel designers and tunnel owners, in order to create a common view of 
how rescue work should be interwoven with other aspects of a tunnel’s safety systems.  
The report describes how rescue work in connection with fires in road tunnels can be 
approached, and the problems and difficulties to be overcome in successful rescue work. 
 
1. INTRODUCTION 
 
Incorporating safety into the design of tunnels around the world involves very thorough 
investigation of the various safety features in terms of both design and construction, 
generally accompanied by extensive risk analyses.  Work includes consideration and 
calculation of the various design rating events and their consequences, with very careful 
analyses of how persons caught in accidents are likely to behave.  The knowledge derived 
from these investigations and analyses is used to design and determine the necessary 
capacities of safety systems in the tunnels. 

What, however, is generally missing from most analyses is a detailed description of the 
various pro-active and consequence-reducing actions to be taken once an accident has 
occurred, which are normally performed by the Fire and Rescue Service.  The Fire and 
Rescue Service becomes actively involved in the event of an accident, which can and 
should be seen as an integral part of the tunnel’s overall safety concept.  However, as 
opposed to most other aspects of the safety concept, which have been very thoroughly 
analysed, this particular part of the safety concept generally seems to have been very 
poorly analysed, with very few analysis results officially available.  It seems as if those 
responsible for the safety aspects of the design of modern tunnels simply assume that the 
Fire and Rescue Service can safely, quickly and efficiently deal with any accidents that 
occur.  However, it also seems as if the public rescue and fire service is not reacting or 
acting by notifying those responsible for the safety of a tunnel that they (the tunnel 
owners/operators) are assuming the provision of Fire and Rescue Services for a duty in 
which the service has had no hand in determining the necessary capacity.  The rescue 
services are being asked to provide a service for which they do not have the necessary 
capacity, for which they do not have the necessary working methods and/or for which 
they do not have the necessary personnel or equipment resources.  It seems, in other 
words, as if there is simply not sufficient communication between those responsible for 
the safety design of a tunnel and the public rescue and fire services. 
 
This lack of communication (or even of understanding?) between the various parties 
involved in the design of safety aspects of Swedish tunnels can be partly due to the fact 
that Fire and Rescue Authority does in fact have two roles to play.  One role is to be that 
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of a public authority, ensuring that the design of the tunnel fulfils the guidelines and 
various forms of practice that ensure a sufficient level of safety for individual users.  The 
other role is that it is also the organisation that maintains and applies the various actions 
and responses in the event of accidents.  I do not believe that it is made sufficiently clear 
that Fire and Rescue Authority actually have these two roles, which means that both the 
rescue and fire services and the tunnel owners misunderstand each other. 

Tunnel owners have a major responsibility in terms of preparedness for accidents, which 
includes making it possible to perform rescue work to save lives and to limit damage 
arising from an accident.  A study of the present legislation1 can show2 that a property 
operator or property owner has a relatively substantial duty to ensure that conditions are 
such that rescue work could be carried out in the event of an accident, and particularly if 
the property is large and complicated, such as a tunnel.  By working closely with the Fire 
and Rescue Authority, a tunnel owner can arrive at a solution that integrates the Fire and 
Rescue Service with other safety aspects of the tunnel. 
 
The material considered in this report is based on Swedish conditions.   

 
2. A DESCRIPTION OF THE CONCEPT OF TACTICS FOR RESCUE 

WORK 

In simple terms, fire and rescue operations can be said to consist of a number of different 
elements: 

1. The working methods or active measures for which the personnel have been 
trained and equipped, with the results of the various operation methods 
depending largely on the ability of the personnel to make best use of the equip-
ment under the conditions of the particular accident with which they are 
dealing. 

2. Coordination of the various individual methods, so that they work together to 
produce an effective whole, the rescue action. 

3. Selection of tactics for effectively fulfilling the objective of the rescue action. 
 
Tactics in connection with fire and rescue operations have been, and are, thoroughly 
discussed, with Svensson3 providing the terminology used in this section.  Most of the 
documents and reports produced in connection with this subject are relatively theoretical, 
and do not consider specific tactical patterns for how fire and rescue operations can or 
should be structured. 
 
The tactics in fire and rescue operations can be relatively simply described as being the 
ongoing decisions by the incident commander of the resources to be used, and actions to 
be carried out, in order to achieve the objectives of the action in the most efficient 
manner. 
 
The direction of the tactical thrust will be very dependent on the type of accident 
concerned, the local conditions, the consequences of the action that may have already 
occurred or which could occur, the objective of the work of the Fire and Rescue Services 
and the resources available for performing the work.  The tactical execution of the work 
will be very dependent on the competence of the personnel available for the action.  All 
these different elements combine to affect tactical performance of the fire and rescue 
operation. 
 
A fire and rescue operation dealing with a fire in a residential apartment should be carried 
out in a different way to that of tackling a fire in, for example, a barn.  This depends not 
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only on the particular objectives of each action, but also on the fire-fighting methods 
intended for different types of fires and different types of environments.  From this, it 
should be relatively easy to see that fire and rescue operation in connection with a fire in 
a cable tunnel will be (or should be) carried out in a different manner to tackling a fire 
involving private cars in a tunnel.  The biggest difference between these two can be seen 
to be the fact that the main thrust of the operation in the road tunnel would be to rescue 
persons involved, which is not the main purpose of operation in the cable tunnel.  There 
are also many other differences that should mean that fire-fighting operation is carried out 
in different ways. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1  Tactic for rescue actions4 
 
 
3.  FIRES IN TUNNELS: FIRE AND RESCUE OPERATION 
 
Safety in tunnels depends on many different factors and conditions: the actual design of 
the tunnel itself, and the type of traffic using it, will have a considerable effect.  Escape 
routes and approach routes for the public fire service are only parts of this overall safety, 
although they are the vital parts that must operate satisfactorily in the event of an exten-
sive tunnel fire.  The fire and rescue operations should be so structured, and matched to 
the design of the tunnel and the conditions likely to be encountered, as needed to suit each 
particular specific case:  see Chapter 2.  Today’s Fire and Rescue Service have developed 
many methods for dealing with different types of accidents.  In general, it can be said that 
the more common the type of accident, the more developed are the methods for dealing 
with it.   
 
The concepts of upstream and downstream of the fire will recur in this report, and are to 
be seen as in relation to the direction of air flow in the tunnel.  The area upstream of the 
fire is that away from the fire and against the direction of air flow.  Downstream of the 
fire is the zone away from the fire itself, in the direction of the air flow.  It is in this latter 
direction that most of the fire gases flow.  ‘Backlayering’ is the phenomenon by which 
the fire gases flow against the direction of air flow in the tunnel.  The distance to which 
this effect can occur depends on the size of the fire, the volume of the air flow in the 
tunnel and other parameters. 

Objective of the 
rescue action 

Results of the 
rescue action 

Tactical executtion of 
the rescue action 

The type of accident 
and the environment in 
which it has occurred

Resources available 
for the rescue action 
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3.1 Methods available to the fire services for fighting a tunnel fire 
 
In principle, the Fire and Rescue Services in Sweden apply the following tactical 
approaches to tackling fires in tunnels:  
 
1. working in the tunnel to extinguish the fire, thus eliminating the threat to those caught 

in it, 
2. working in the tunnel to assist/rescue those caught in the fire, to get them out of the 

tunnel as quickly as possible, 
3. ventilation of the tunnel in order to drive the smoke away from the fire in one direc-

tion, thus facilitating evacuation and fire-fighting, 
4. fighting the fire from a safe position, in order to limit its consequences, 
5. actively dealing with those escaping from the fire to safe conditions or outside the 

tunnel. 
 
These various approaches must then be brought together to provide a suitable combina-
tion for dealing with each specific accident. 
 
One aspect  which becomes clear when studying the information shown in Figures 4 and 
5 is that of the time before the fire starts to grow rapidly.  These results seem to indicate 
that fires tend to take hold fiercely after about the first 5 - 10 minutes.  This can be com-
pared with the ‘golden 60 seconds’ that are available for tackling aircraft fires, and which 
indicate the maximum time that can elapse before the first fire-fighting work starts. If the 
Fire and Rescue Services are to be able to start fighting fires within about ten minutes, 
much needs to be done in order to improve the efficiency of their work. 
 
The working methods normally employed by Fire and Rescue Services have come to 
reflect the accidents and fires most commonly encountered today.  In the case of major 
fires in tunnels, it is highly likely that it will be necessary to use very different methods 
from those employed in tackling fires in residential buildings or ordinary traffic accidents.  
Serious fires, such as those in the Mont Blanc Tunnel or the Tauern Tunnel5, show all too 
clearly that the methods employed by the Fire and Rescue Services are based on the 
necessary responses after the fire has been brought under control, and the assumption that 
the Fire and Rescue Services will be able easily to get to the fire. Working methods that 
can be considered for dealing with fires in tunnels are as follows. 
 
1. Entry into the tunnel to ascertain conditions, i.e. to note the conditions at the accident 

site and to obtain an overall picture.  This is done with the aim of providing informa-
tion needed for further work.  It may be necessary to do this in smoke-filled condi-
tions, which means that those carrying it out must be appropriately protected.  It must 
also be done immediately on arrival, and be fast and effective, in order not to delay 
the rest of the work. 

 
2. Entering the tunnel to extinguish the fire and eliminate the threat to persons in the 

tunnel.  This may have to be carried out under dangerous conditions, facing smoke 
and high thermal radiation levels, which means that those involved must be suitably 
protected.  Actually extinguishing the fire may be very difficult, and can probably be 
done in a number of different ways, of which the following are examples of possible 
methods: 

- The use of ordinary hoses and nozzles. 

- The use of portable water monitor. 

- The use of vehicle-mounted water monitor. 
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- The use of fans, with water being injected into the air flow. 

- Moving the burning object etc. out of the tunnel. 

- The use of remotely controlled fire-fighting equipment. 

 
3. Work in the tunnel in order to guide those escaping from the fire, i.e. those capable of 

fleeing.  This may also have to be carried out under dangerous conditions of smoke 
and high radiation levels, which means that those performing the work must be 
suitably protected. 

 
4. Work in the tunnel physically to carry out victims, i.e. what is generally called life-

saving.  This may also have to be carried out under dangerous conditions of smoke 
and high radiation levels, which means that those performing the work must be 
suitably protected. 

 
5. Work in the tunnel to rescue those involved in the fire and help them to survive in the 

vicinity.  This may also have to be carried out under dangerous conditions of smoke 
and high radiation levels, which means that those performing the work must be 
suitably protected. 

 
6. Ventilation of the tunnel in order to control the quantity and direction of flow of 

smoke in the tunnel.  The purpose of this can be: 
 

- to ventilate the tunnel in order to assure the existing air flow through 
it, thus facilitating evacuation and rescue work. 

- to ventilate the tunnel in order to start air flow through it, thus creating 
a possible escape route and a means of approach for the firefighters. 

- to ventilate the tunnel in order to reverse the direction of flow of 
smoke, thus facilitating the rescue of those in the smoke downstream 
of the fire site. 

7. Advanced acute care for victims, under safe conditions in the vicinity of the fire.  
This method is likely to require very considerable resources if large numbers of per-
sons are involved. 

 
The prime aim of all these methods is to save lives, although they also represent different 
and, in many cases, equally important, methods of ensuring an effective input, depending 
on the particular conditions of the accident.  The reason that several of these methods are 
often not considered as methods of saving life is probably because most fires occur in 
considerably less complicated areas, involving considerably fewer persons.  Under such 
circumstances, it is not as apparent that, for example, information is one of the most im-
portant points when starting the work, or that quickly evacuating those who are first 
found is not necessarily the most effective way of saving lives. 
 
3.2 Tackling fires in twin-bore tunnels 
 
When a fire breaks out in a twin-bore tunnel, traffic in the affected bore must be stopped 
upstream of the fire.  The normal ventilation of the tunnel must ensure that those escaping 
upstream from the fire are not affected by smoke from it.  All traffic downstream of the 
fire should be able to continue to drive out of the tunnel before it is filled with smoke.  
Traffic in the other bore of the tunnel must be stopped, so that the Fire and Rescue 
Service can enter the tunnel and reach the fire via the connections between the two tunnel 
bores. 
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Figure 2 Tackling a vehicle fire in a twin-bore tunnel  
 
 
Tackling this type of fire will involve the following elements. 
1. Stopping all further traffic into both bores of the tunnel.  Experience shows6 that this 

closure must be in the form of an actual physical barrier. 
2. The fire tenders enter the unaffected tunnel in the normal traffic direction from the 

nearest entrance point.  It is important that there should be clear access routes for the 
fire service vehicles, as there is likely to be traffic chaos outside the tunnel. 

3. First personnel to arrive quickly tackle the fire in the vehicle. 
4. At the same time, the smoke-free part of the tunnel upstream of the fire site should be 

evacuated. 
5. Depending on the size of the fire, the second and third crews to arrive should assist 

the first crew in putting out the fire and start to extinguish any fires downstream of 
the original fire and search the tunnel for persons trapped.  The purpose of this action 
is to rescue anyone trapped in the smoke, and to remove the danger of the fire 
spreading to any vehicles in the smoke downstream of the fire: see Figure 2. 

 
If this twin-bore tunnel is in a major urban environment, it is very likely that there will be 
queues in the tunnel.  Dealing with a tunnel fire under such circumstances means that the 
most important step in protecting those already in the tunnel is unavailable:  vehicles 
downstream of the fire will not be able to drive out of the tunnel, but will be trapped in 
the traffic queue and unable to move.  This means that there will be a large number of 
persons trapped in the smoke downstream of the fire.  Some of them will escape through 
the connections to the parallel tunnel bore, but is unlikely that all will do so.  As a result, 
the fire service will suddenly be faced with the problem of dealing with large numbers of 
persons trapped in the smoke. 
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Figure 3 Fire and rescue operation dealing with a car fire in a twin-bore tunnel with queuing 

vehicles. 
 
 
Tackling this type of fire will involve the following elements. 
1. Stopping all further traffic into both bores of the tunnel. 
2. The fire tenders enter the unaffected tunnel in the normal traffic direction from the 

nearest entrance point. 
3. First personnel to arrive quickly tackle the fire in the vehicle. 
4. At the same time, the smoke-free part of the tunnel upstream of the fire site should be 

evacuated. 
5. Depending on the size of the fire, the second and third crews to arrive should assist 

the first crew in putting out the fire and start to extinguish any fires downstream of 
the original fire and search the tunnel for persons trapped.  The purpose of this action 
is to rescue anyone trapped in the smoke, and to remove the danger of the fire 
spreading to any vehicles in the smoke downstream of the fire: see Figure 3. 

6. Powerful ventilation after the fire has been extinguished will more quickly dilute the 
dangerous gases in the smoke, thus improving survival conditions in the smoke. 

7. If the firefighters fail to extinguish the fire, it will be necessary to reverse the direc-
tion of air flow and smoke in the tunnel after the tunnel upstream of the fire has been 
cleared of persons and vehicles.  The effect of this will be to create a safe environ-
ment for those trapped in the original downstream direction of the fire: see Figure 4. 

 
 

 
Figure 4 Fire and rescue operation dealing with a car fire in a twin-bore tunnel with queuing 

traffic, after reversal of the direction of air flow. 
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Figure 5 Tackling a car fire in a single-bore tunnel 
 
 
3.3 Tackling fires in single-bore tunnels 
 
1. Quick reconnoitring of the tunnel in order to obtain a picture of the situation, and also 

to see how far the smoke has spread. 
2. Ensure an air flow through the tunnel by starting ventilation in the most suitable 

direction. 
3. If possible, those who were first into the tunnel to investigate the conditions should 

start to put out the fire in the vehicle.  If not, they should take themselves out of the 
tunnel:  see Figure 5. 

4. Evacuate persons in the tunnel upstream of the fire site. 
5. Enter the tunnel from the downstream end (against the smoke) with the aim of 

rescuing anyone in the smoke close to the tunnel mouth. 
6. Once the fire has been put out, powerful ventilation of the tunnel in order quickly to 

reduce the toxic concentrations in the smoke, thus improving the prospects for sur-
vival of those trapped in the smoke. 

7. If it is not possible to put out the fire, the air direction in the tunnel must be reversed 
in order to dissipate the toxic smoke from anyone trapped in the tunnel, after the up-
stream end has been cleared of persons and vehicles. 

 
 
 

 
 
Figure 6 Fire and rescue operation dealing with a car fire in a single-bore tunnel after 

reversing the direction of air flow. 
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3.4 Fire and Rescue operation problems encountered in tunnel fires 
 
The rescue and fire services will be faced with several problems7 which must be con-
sidered when tackling the fire.  Some of these problems are described in more detail 
below. 
 
 
A picture of the fire scene 
 
It is difficult to obtain a picture of the accident scenario, as it is very difficult to see what 
is happening in a tunnel fire.  There is therefore a considerable lack of information on 
what is happening, which makes it difficult to decide what to do.  As a result, important 
time may be lost. 
 
This aspect must be tackled and resolved.  Probably the most effective way is for the 
tunnel-owner to install surveillance equipment in the tunnel, and to ensure that there is 
good communication with the Fire and Rescue Service, in order to ensure that the infor-
mation is available when needed.  
 
If there is no physical equipment to provide the information, the Fire and Rescue Service 
will have to solve the problem itself.  Earlier it was suggested that the very first step of 
the rescue and fire services should be to obtain information on the fire.  This needs to be 
done quickly and effectively, and must provide an accurate picture of conditions.  This is 
at present an area where further development is required, particularly as Swedish practice 
in connection with the use of breathing equipment seems to reduce the efficiency of work 
in tunnels, without increasing the safety of the firefighters themselves.  More 
investigation is needed of combinations of rapid methods, either using vehicles or on foot, 
and with the assistance of aids such as IR cameras and illuminated tracking lines, laid by 
the firefighters, and without pulling fire hoses with them into the tunnel. 
 
Controlling the air flow in the tunnel 
 
Together with the tunnel operators, the firefighters need to know in what direction to 
drive the fire gases in order to facilitate evacuation, rescue and fire-fighting. 
As ventilation is likely to become the only effective method of tackling serious tunnel 
fires, there is a need for better knowledge of ways of ventilating tunnels, and for the 
development of standard procedures for doing so.  Generally, today there is small possi-
bilities for a Fire and Rescue Service to ventilate a tunnel in the event of a fire, nor 
knowledge of how this should best be done.  However, a number of projects have been 
started with the aim of providing information on how this should be done 8,9. 
Ingason10 has provided the following results of CDF calculations for ventilation flow 
rates in the Manesse Tunnel (523 m long and 23.4 m2 cross-section) and the Käferberg 
Tunnel (2118 m long and 45.4 m2 cross-section) in Switzerland.  The theoretical fan 
capacity was 37.5 m3/s, with a fan diameter of 1.22 m. 
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Table 2  Results of calculations of air flow reversal with a tunnel fire 
 

  Manesse Tunnel Käferberg 
Tunnel 

Final air velocity after 
reversing, (m/s) 3.7 2.2 Air flow in the tunnel, 

powered by a mobile fan, 
but without a fire Time to reverse air flow, 

(minutes) 4 10 

Final air velocity after 
reversing, (m/s) 3.6 2.2 Air flow in the tunnel 

established by a mobile fan 
with a train in the tunnel, 
but without a fire 

Time to reverse air flow, 
(minutes) 1 3 

Final air velocity after 
reversing, (m/s) 2.5 2.1 Air flow in the tunnel, 

established by a mobile fan 
with a train in the tunnel 
and with a 15 MW fire 

Time to reverse air flow, 
(minutes) 1 3 

 
 
The method described above seems to work so well that it should be worth while con-
tinuing with more, and more accurate, investigations in order to provide better infor-
mation for use by the public fire services.  Ingason’s results indicate that it should be 
possible to develop this to a practical working method for dealing with fires in tunnels. 
 
Large and complicated objects 
 
Tunnels can be large and extensive objects, with long and complicated routes from safe 
environments, sometimes outdoors and sometimes in the tunnel system itself, in order to 
get to the final point where rescue or fire-fighting is needed. 
 
Investigation is needed in order to find ways for the Fire and Rescue Services quickly to 
make their way to a safe position in the vicinity of the fire and of those requiring rescue.  
On the international plane, this has been resolved in a number of different ways in long 
single-bore tunnels, using everything from special rescue vehicles to special trainsets in 
the tunnel, and also with special-purpose access tunnels in parallel with the main tunnels.  
This need not normally be a decisive problem in the case of twin-bore tunnels, as in most 
cases it is possible to provide relatively frequent connections between the two bores. 
 
Tackling the smoke 
 
Tunnels fill with fire gases, which make it necessary to use breathing equipment when 
entering them.  This severely limits the scope for action, as well as the distance which can 
be covered in the tunnel. 
 
What is generally meant by the use of breathing apparatus is that of the use of equipment 
for saving lives and tackling normal house fires.  Such equipment and methods have 
definite limitations when used in tunnel environments.  Bergqvist9 et al. carried out tests 
to investigate the effective working range of a firefighter wearing breathing apparatus in a 
tunnel environment.  Some of the results of these tests are as shown in the table below. 
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Table 3  Movement speed and range of breathing apparatus groups in tunnel 
environments 

 
Test conditions Movement speed 

(m/min) 
Maximum range (m)* 

Smoke-filled tunnel, dry hose 4.3 58 
Non-smoke-filled tunnel, pulling a 
water-filled hose 18 243 

Non-smoke-filled tunnel, no hose 80 1080 
Trials in an industrial environment in 
another investigation 6 80 

* Based on 2400 l of air, an air consumption of 62 l/min and ability to retreat 
 
‘Working with breathing apparatus’ is an umbrella name for all working methods in-
volving the use of protective fire-fighting clothing and breathing apparatus in a 
smoke-filled environment.  Further development and more detailed investigation of all 
these working methods is needed:  today, not enough is known about the capacity and 
limitations of the various methods.  This information is needed, as it is of decisive 
importance when planning fire-fighting work in tunnels. 
 
Extinguishing the fire 
 
Actually extinguishing the fire can be very difficult.  It has been found, in the cases of 
previously described fires, that fires in trucks and buses can be relatively extensive, 
reaching high temperatures and producing high levels of radiation and dense smoke.  If 
the tunnel is ventilated, the Fire and Rescue Service can probably reach the seat of the fire 
without having to pass through excessive smoke or heat.  Nevertheless, radiant heat at the 
site of the fire can be very considerable, imposing severe limitations on the ability to stay 
in the vicinity of the fire for a sufficiently long period of time to put it out and so reduce 
the amount of thermal radiation. 
 
If, on the other hand, there is no ventilation in the tunnel, tackling the fire will be very 
dependent on the choice of approach route, as there will only be the natural draught in the 
tunnel to determine the direction of flow of the smoke.  It is also very likely that, under 
such conditions, there will be substantial backlayering of the smoke as a result of insuffi-
cient air flow, which will create very unpleasant temperature conditions in the fire gases 
and radiation from them and from the fire, regardless of from which side the fire is 
tackled. 
 
The firefighters will probably use water to tackle the fire:  other methods of extinguishing 
it have not been sufficiently developed, or are not sufficiently widely used at present.  
How much water will be needed in order to put out the fire?  This is an important ques-
tion to answer, as it determines the use of a certain number of jets for a certain period of 
time.  In turn, these jets require a certain number of firefighters, working under difficult 
conditions. 
 
Results from Särdqvist10 have been used in order to obtain some idea of the quantity of 
water needed to extinguish a vehicle fire in a tunnel.  Särdqvist’s work was based on the 
extinguishing requirements for fires occurring in non-residential buildings.  In such fires, 
the firefighters had straightforward access to the fire.  In this context, we need to 
remember that vehicle fires are particularly difficult to put out, which means that the 
following simplifications must be seen as an absolute minimum requirement in terms of 
water quantities. 
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Table 4  Absolute minimum water requirements for extinguishing a vehicle fire6 
 

 
Type of 
vehicle 

 
Fire area 

(m2) 

 
Fire power (MW)

Minimum 
extinguishing 

water requirement 
(l/min) 

 
Number of 

360 l/min jets 

Private car 10 5 226 1 
Van 35 15 462 2 
Truck 200 100 1250 4 

 
 
In order to be able to extinguish the fire, the water must reach the seat of the fire which, 
particularly in the case of fires in vehicles, means that the firefighters have to get very 
close to the vehicle, as it is particularly difficult to reach the seat of the fire in such cases.  
This water flow rate then has to be maintained for a significant period in order to put out 
the fire.  According to Ingason6, it takes about 30 minutes, with at least the above 
quantity of extinguishing water, in order to put out a fire in a truck. 
 
Although firefighters are protected against toxic smoke and high temperatures, they 
cannot withstand high temperatures or high radiation levels for a long period of time.  In 
experiments, Person11 showed that firefighters could withstand a heat load of 5 kW/m2 
for at least seven minutes.  However, for a firefighter to withstand a stay of 20 minutes, 
the radiation level cannot exceed 2 kW/m2. 
 
Experiments12 were carried out in Stockholm on the equipment normally used by 
Swedish fire services for putting out vehicle fires.  The height of the tunnel in which the 
tests were performed was about 4.5 m, which is typical of European clearance heights 
above roads.  The results of the trials were as follows. 
 
Table 5  Maximum throw length in a tunnel environment of fire fighting nozzles 

as used by Fire and Rescue Service 
 

 
Nozzle 

 
Pump 

pressure 
(bar) 

 
Maximum 

distance from 
the fire 

 
Flow rate 
(l/m2, min) 

Water 
delivered to 
a 1 m2 fire 

area 
(l/m2, min) 

Fogfighter (Handheld 
nozzle, 300 l/min) 

5 27 320 40 

Fogfighter (Handheld 
nozzle, 300 l/min) 

10 32 431 17 

TFT-jet (Handheld nozzle, 
1300 l/min) 

5 20 702 26 

TFT-jet (Handheld nozzle, 
1300 l/min) 

10 35 946 58 

Water monitor (Handheld 
nozzle, 1000 l/min) 

5 - - - 

Water monitor (Handheld 
nozzle, 1000 l/min) 

10 - - - 

 
The collection area (i.e. the fire) was positioned at a height equivalent to 2 m above 
ground level. 
 
One of the points noted was that it was very difficult to target the application area, as a 
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result of poor visibility.  If the TFT jet is to be used, there should not be more than 25 m 
of hose between the pump and the jet, in order to ensure sufficient pressure and flow rate.  
The water monitor could not be used in a tunnel due to the fact that it was not possible to 
depress the angle of the jet sufficiently to avoid all the water being sprayed on to the roof 
of the tunnel.  As far as the Fogfighter was concerned, the throw angel at a distance of 
35 m was so shallow that very little water landed on the intended target. 
 
Summarising the above, it can be seen that the Fire and Rescue Service will have con-
siderable problems in tackling a fully established tunnel with a higher rate of heat release 
(HRR).  The firefighters need to get sufficiently close to the fire to be able to get water on 
the flames and the fire. This is essential in order to reduce the amount of radiant heat, so 
that they can get closer to the vehicle and get water on to the seat of the fire.  If they 
cannot do this, they will not be able to control the fire, or gradually to reduce its rate of 
heat release.  The main obstacle in preventing firefighters from getting close to a fire is 
thermal radiation from the fire and from back-layered fire gases.  It should be possible to 
deal with these fire gases, using fans to increase the air flow, but thermal radiation from 
the fire and from any residual backlayering will be difficult to deal with.  Development of 
some form of protection against thermal radiation is needed in order to assist tackling 
fires of this type, perhaps through the use of water mist jets or water curtain jets. 
 
Water transport to the site of the fire 
 
Getting fire-fighting water to the position where it is required.  This can be extremely 
difficult if thought has not been given to this problem when designing the tunnel. 
 
Facilitate evacuation and rescue those caught in the fire 
 
The Fire and Rescue Service may find itself faced with a major evacuation and rescue 
situation, involving large numbers of persons, for which it must be prepared. 
 
Assessment of risks while working 
 
It is very difficult to assess the risks to which the fire and rescue personnel are exposed 
when tackling a tunnel fire.  These risks can range from failure of the air supply from a 
breathing apparatus to falling rock from the heat-affected tunnel roof. 
 
Communication between various positions 
 
There must be a reliable communication system between those in safe positions and those 
in the tunnel. 
 
4. SUMMARY AND CONCLUSIONS 
 
It seems as if those responsible for the design of safety features and systems in 
present-day tunnels assume that the Fire and Rescue Authority will be able quickly, 
safely and effectively to deal with any accidents that occur.  It also seems as if the Fire 
and Rescue Authority are not reacting, by notifying those responsible for the safety of 
tunnels that they are being seen as the potential providers of a service for which, in fact, 
they do not have the appropriate working methods, nor resources in terms of equipment 
or personnel.  In future the Fire and Rescue Authority will have to investigate their abili-
ties to provide the necessary evacuation and life-saving services in tunnel fires.  This is 
important information, which needs to be considered in the overall planning and 
provision of tunnel safety systems.  It will be very important that the Fire and Rescue 
Services can conduct a dialogue with tunnel operators concerning their rescue capacities, 
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particularly as it ought to be the responsibility of the tunnel-owner to ensure that the 
tunnel can be safely evacuated, and persons rescued, if necessary.  The tunnel-owner has 
important responsibilities in creating the right conditions so that rescue operations can be 
carried out if needed, but it is only when working closely with the local rescue and fire 
service that the tunnel-owner can draw up a solution describing how the work of the res-
cue and fire services can be integrated with other safety features and systems in the 
tunnel. 
 
The way in which the Fire and Rescue Service performs its work will be very dependent 
on the type of accident that has occurred, on the environment in which it has occurred, the 
consequences that the accident has had, or is having, the objective of the work and the 
resources available.  The tactical approach adopted will be very much affected by the 
competence of those available for the rescue action.  Together, all these various aspects 
will affect the tactical approach to the rescue operation. 
 
As far as the Fire and Rescue Authority are concerned, the most important consequence-
reducing measures that can be incorporated in a tunnel to reduce the severity of accidents 
are that there should be short distances to, and simple means of reaching, escape routes 
for those evacuating a fire, that the fire-fighting personnel can safely approach the fire 
and that the fire cannot grow excessively before fire-fighting work can start.  The size of 
the fire in a road tunnel will have a very considerable effect on the ability of the rescue 
and fire service to perform an efficient rescue action.  Fires in private cars will not be the 
determining factor for a normal fire and rescue operation in a twin-bore tunnel, but they 
will be critical in a single-bore tunnel.  What is likely to be the determining factor in the 
ability to deal with a fire in a tunnel is the number of persons who will need to be assisted 
out into safe conditions, the size of the fire (and thus the temperature and radiation level 
to which the fire-fighting personnel will be exposed) and the distance that the firefighters 
have to travel in smoke-filled conditions. 
 
The tactical approach that the rescue and fire service can adopt in dealing with a tunnel 
fire consists of combinations of the following: 
 
- Working in the tunnel to extinguish the fire, thus eliminating the threat to those 

caught in it, 

- Working in the tunnel to assist/rescue those people caught in the fire, to get them out 
of the tunnel as quickly as possible, 

- Ventilation of the tunnel in order to drive the smoke away from the fire in one 
direction, thus facilitating evacuation and fire-fighting, 

- Fighting the fire from a safe position, in order to limit its consequences, 

- Actively dealing with those escaping from the fire to safe conditions or outside the 
tunnel. 

It is clear that the thermal output of a vehicle fire seems to rise rapidly after about the first 
5-10 minutes.  Much has to be done in order to improve the efficiency of fighting tunnel 
fires if the Fire and Rescue Service is to be able to reach the fire and start work within 
about ten minutes of receiving the alarm. This shows that the method of tackling such 
fires has to have been very well planned if it is to be carried out efficiently and limit 
damage and injury before it is too late. 
 
If fire-fighting is to be carried out effectively, the rescue and fire service must obtain an 
overall picture of the situation.  This means that obtaining relevant information is 
probably the first step to be taken in such a situation, which means that methods need to 
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be developed in order to ensure that this can be done quickly and effectively. 
 
It has also been found that the efficacy of the work is dependent on being able to get close 
to the seat of the fire, which emphasises the importance of being able to control ventila-
tion at the site and establish the flow of air to carry away the fire gases. With present-day 
methods and equipment, the use of breathing apparatus is not an efficient method of 
dealing with fires in larger tunnels.  The working methods involved need to be 
investigated, and new methods developed. 
 
Putting out a fire can be very complicated.  In order properly to extinguish a vehicle fire, 
the extinguishing water must reach the seat of the fire, which requires the firefighters to 
get close to the vehicle, as it is exceedingly difficult to reach the seat of the fire from a 
distance.  Under such conditions, thermal radiation from the fire is likely to make this 
very difficult, and so there is a need to develop methods to protect firefighters from 
thermal radiation 
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ABSTRACT 
 
The paper discusses typical human behaviour that is relevant for tunnel fire evacuations. 
The persons in a tunnel fire may not respond to the initial fire cue which is consequently 
ignored. This leads to the need for providing proper information to the persons in order 
for them to initiate the evacuation as soon as possible. The paper also introduces a model 
for evacuation from tunnel fires. The model can be used to predict the possibility to 
survive a tunnel fire and the location of persons trying to escape the fire. The model uses 
the Fractional Effective Dose concept. The design of evacuation exits located in the 
tunnel is discussed. 
 
INTRODUCTION 
 
This paper gives a brief introduction to human behaviour in fire applied on the tunnel fire 
scenario. The human behaviour that can be expected during a tunnel fire follows certain 
generally accepted rules that are obtained from previous studies of how people behave 
during an evacuation. Of course, the exact pattern of behaviour of a certain individual 
cannot be predicted but the general and typical behaviour of the so called average person 
can be determined from these basic behavioural rules. The benefit of knowing how 
people will typically behave during a tunnel fire can then be used to model evacuation 
during the design phase of a new tunnel or during the risk assessment of an existing 
tunnel. In the end the behaviour of tunnel occupants during a fire must be taken into 
consideration in order to have a safe tunnel with respect to fire. 
 
The paper also presents a simple modelling technique that has been used for assessing 
evacuation safety in a railway tunnel in a research project supported by the Swedish 
Rescue Services Agency. The objective of developing this model was to have a simple 
tool that could be used to determine the survivability of the occupants due to a specified 
fire. The model is based on simple engineering relations on toxicity effects on human 
beings described by Purser1 combined with a simple fire smoke transport model2.  
 
HUMAN BEHAVIOUR 
 
A number of distinguished researchers have during the last decades contributed to the 
public knowledge of human behaviour in fires. The initial steps taken focused on what 
people do during the initial phase of the evacuation which today is referred to the pre-
movement phase of the evacuation. Some of the major contributions that deserve to be 
mentioned are presented by Bryan3, 4, Wood5, Canter6, and Sime7.  
 
The next step during the research was to see how the human behaviour could be 
quantified, i.e. how long is the pre-movement phase. This was a natural step to take as 
modelling of evacuation progressed as a consequence of the transition of building regula-
tions to prescriptive codes in the 1990-ties. The first well known contribution in this area 
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was presented by Proulx and Sime8 at the IAFSS symposium. They performed five full 
scale unannounced evacuations in an underground train station in Newcastle in the UK 
and recorded their observations on video. They could then observe how people behaved 
and how long time they spent on certain actions such as information gathering and 
communicating with others. 
 
With this knowledge it is possible to say something about how people generally will 
behave in a new and unknown situation such as a fire. Based on observations people will 
not act on a first single cue of fire9 and the situation is associated with uncertainty. The 
cue could be an ambiguous signal of some unclear event that has initiated such as the 
presence of the smell of fire smoke. Of course, people will not initiate their evacuation on 
such a vague signal. It takes more to initiate the evacuation. Usually, people will ignore 
this first signal. The assumed proper behaviour is not to evacuate if only the situation is 
ambiguous.  
 
If the signal persist and other stimuli occurs people start to search for more information in 
order to know the situation. When enough information is obtained telling the people that 
there is a fire going on they can be convinced that the proper behaviour is to start to 
evacuate the building or tunnel. The action to evacuate may also not be the first action to 
take as people may have other preferences than to evacuate. In a tunnel fire actions that 
could be assumed are for example to save goods from the vehicle, try to extinguish the 
fire or to warn others. All these actions taken will consume time and time is limited in a 
serious tunnel fire. In some cases people will not see the danger in time and will then not 
be able to evacuate. In the serious fire in the Mt Blanc tunnel a couple of years ago some 
persons were found in their cars sitting with the seat belts fastened. 
 
As mentioned above communication with others is a typical behaviour during fires. 
Group relations are important as people often gather in smaller groups to decide what to 
do and establish a picture of what has happened. If any tunnel operator would like to 
decrease the evacuation time; information to these occupants in the tunnel is necessary to 
provide. The information that the occupants in the tunnel is asking for is what has 
happened and what are the appropriate actions to take. Informative evacuation alarms 
could provide such information and consequently decrease the evacuation time and save 
people in the tunnel fire. 
 
Studies from tunnel evacuation tests reveal that people will sit in their cars and wait a 
rather long period of time even if smoke is present10. This is assumed to be a typical ini-
tial behaviour, to sit and wait. The normal situation in a queue in a tunnel is not that a fire 
has started but rather that “something is blocking the way and it will probably be solved”. 
That is the reason why people remain in their cars.  
 
After a while people in the tunnel evacuation experiment started to leave their cars10 but 
in a real fire that may be too late for some of the drivers. In order to have a successful 
tunnel evacuation human behaviour has to be taken into consideration in the design phase 
of a tunnel and in risk assessment of existing tunnels. 
 
MODELLING EVACUATION IN A TUNNEL 
 
If modelling of an evacuation in a tunnel is to be performed a number of variables have to 
be considered. Most of them are related to the fire, ventilation systems, the tunnel struc-
ture and other rather technical issues. But also factors originating from the human 
behaviour perspective have to be taken into account. Below some of these factors are 
discussed briefly. 
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Direction of movement 
 
People understanding the fire threat leave their car or train car and enter the tunnel. But in 
what direction will the occupants move? Look for example on a situation where a fire has 
started on a train that has stopped in a tunnel. Depending on where the fire is located on 
the train will result in different evacuation scenarios, figure 1. People will probably try to 
move away from the fire as the fire is a threat and the magnitude of the fire could also 
make it impossible to move in that direction.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.  Evacuation scenarios depending on location of the fire2. 
 
The option to choose direction of movement is to some degree controlled by the time 
spent before having the option to choose, i.e. approximately the duration of the pre-
movement time. If short pre-movement times are likely it may be possible to pass the fire 
if occupants choose to go in that direction. Looking at it from a risk point of view move-
ment against the wind is preferable as the threat will go away as soon the fire is passed. 
But that will also mean that the occupants have to move towards the fire and not from the 
fire which at prima facie is the natural choice. The only option then is to move away from 
the threat and risk to be exposed by the smoke moving in the direction controlled by the 
current wind direction.  
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Information about where the fire is located is also important for the rescue services as 
they need this information to know where to concentrate the forces in order to save 
people trying to evacuate, i.e. where are the passengers previously on the train located in 
the tunnel? 
 
Duration in the smoke 
 
When passengers on a train have chosen to walk away from the fire and being exposed to 
the smoke, how long can they sustain in the smoke? Can they survive in the smoke if they 
start to move away from the fire rather early? To be able to predict this various modelling 
techniques can be used. The most complex form of modelling is associated with 
Computational Fluid Dynamic (CFD) simulations of the fire development and smoke 
spread. A very detailed prediction of the concentration of different fire gases can be 
calculated. The benefit of using CFD is the good accuracy in the prediction on condition 
of the used input. The disadvantage is that the computational time is rather long and the 
handling of the output data is also time-consuming. This tool is not very good in the 
screening process when the interest is on sensitivity of various variables.  
 
Then, a cruder model can be used when the objective is to get more of a general picture of 
the consequences of a tunnel fire. In a research project carried out for the Swedish Rescue 
Services Agency a simple evacuation model was developed2. The research project aimed 
at determining the conditions facing the rescue services arriving to a tunnel fire scene. 
The purpose was to provide an overview of the conditions in terms of fire magnitude, 
possibility to attack the fire and information about the location and the condition of 
possible passengers in the tunnel trying to evacuate. If passengers get incapacitated, i.e. 
unconscious, information about if they were alive or not should be determined. That is 
important for the rescue leader to know so he/she could use the rescue team as efficient as 
possible.  
 
The model uses characteristics of the fire as input. In the model smoke movement and gas 
concentrations of CO, CO2, O2, visibility, temperature and heat radiation are calculated 
for all locations in the tunnel and for every time step. The results from the smoke spread 
model are used to predict the toxic dose the humans in the tunnel accumulate, the 
accumulated temperature dose received from the hot smoke and radiation and finally their 
walking speed. The toxic dose model used is the Fractional Effective Dose (FED)1. This 
information is then used to predict  
 

• how far the passengers can move in the tunnel before they get unconscious,   
• will they survive even if they get unconscious,  
• what conditions do the passengers face during the evacuation etc?  

 
The model is illustrated in figure 2 and 3 showing a scenario with a train with 240 
passengers.  
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Figure 2.  Evacuation model for a train on fire. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.  Evacuation scenario 
 
The passengers evacuate from the train at three locations on the train. This is, of course, a 
simplification to the real situation but accurate enough for the purpose of the analysis. 
The fire is located in the train engine and the wind direction is to the right exposing the 
passengers for the smoke. It is assumed that all passengers move away from the fire with 
the wind and smoke coming from behind.  
 
Typical results are presented in figure 4 showing how far from the fire the passengers 
exiting from exit 1 (see figure 2) get before they are incapacitated by the fire conditions. 
The figure represents the situation with a large hydrocarbon fire reaching 25 MW in 6 
minutes. The pre-movement time is, however, very short, 3 minutes in this case. This 
figure is used to demonstrate that even for a very rapid egress from the train to the tunnel; 
people will have huge difficulties travelling through the tunnel. Pre-movement times in 
the range of 5 to 15 minutes could otherwise represent a more realistic situation. The 
shorter time is representative for passengers in the car in which a fire starts and 15 
minutes for passengers in a sleeping car. The duration of the pre-movement time is to 
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some degree governed by railway traffic safety procedures. Passengers are not allowed to 
enter the track area in a tunnel due to other safety matters.  

0 20 40 60 80 100 120
0

100

200

300

400

500

600

700

800

900

1000

Time from ignition, minutes

W
al

ki
ng

 d
is

ta
nc

e 
fro

m
 fi

re
, 

m
et

re
s

 
Figure 4.  Movement distance from the fire for passengers at exit 1. Lines indicate 

different groups of passengers exiting the train. 
 
The figure shows that passengers move approximately 300 m before they are incapaci-
tated by the fire. The conditions during that travel is very unpleasant as the smoke density 
is very high, visibility is in the range of 0,5 - 2 m and the smoke is very irritating. The 
temperature is, however, not very high due to cooling of the gases by dilution and heat 
transfer to the walls. But eventually the passengers accumulate a toxic dose which leads 
to unconsciousness, i.e. at approx. 25 minutes after ignition.  
 
The next interesting matter to discuss is how likely is it that these passengers are still 
alive, i.e. should the rescue services make hard efforts trying to rescue these people? 
Looking at the same scenario as before the toxic dose accumulated could also be 
compared to lethal levels. Figure 5 indicates that there is a good chance that the 
passengers still are alive even after a long period of time. That is mostly because the 
passengers initially could move away from the immediately threat. The fire in Seljestad 
road tunnel in Norway showed that it is possible to stay in smoke in the tunnel for a long 
time and still survive11. The possibility to survive is, of course, depending on the magni-
tude of the fire, the relevant concentration of toxic gases and a lot of other variables but it 
may be possible to survive a tunnel fire and the rescue services should know this.  
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Figure 5.  Fractional lethal dose accumulated by passengers escaping the train fire. 
 
Choice of emergency exit 
 
The information presented above can be used to determine a relevant distance between 
emergency exits. For tunnels with two parallel tubes emergency exits can be provided as 
shelter rooms between the two tubes. As it is rather expensive to create such an exit path 
there are interests in keeping the number of exits to a minimum, i.e. having as long 
distance between them as possible.  
 
The idea behind these emergency exits is that they should be used in case of fire. But 
looking at a number of tunnel fires people rather prefer to move along the tunnel to reach 
the tunnel entrance instead. If the emergency exits are to be used in a real emergency they 
must be very attractive. They must impose a better alternative than moving along the 
tunnel for people already set their minds on finding the tunnel entrance. The degree of 
attractiveness must be so high that it is evident that the emergency exit is a much safer 
alternative than continuing along the tunnel.  
 
Studies12, 13 have shown that emergency exits designed in an attractive way are preferred 
to so called normal emergency exits. One way of increasing its attractiveness is to 
illuminate the exit. The exit is then more visible and deviate from the surrounding. In 
another research project conducted at the department14, various combinations of flashing 
lights were tested. The lights used different colours and flashing characteristics. It is 
evident that the lights increased the perception of the exit and consequently the improved 
exit is chosen in favour of the normal emergency exit.  
 
CONCLUSION 
 
If the outcome of a tunnel fire accident is supposed to have a chance of becoming 
successful, evacuation human behaviour has to be considered. A lot of focus have been 
put on technical issues such as fans, ventilation shafts, sprinklers etc but in recent tunnel 
projects these matters have been considered to a higher degree. Most important is to 
provide relevant information to passengers in a train or persons sitting in a car queue in 
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the case of fire in the tunnel. People look for information and if the tunnel operator can 
provide such, the evacuation can initiate earlier with a higher success rate.  
 
It is also possible to, with respect to human behaviour, model evacuation from a tunnel. 
Both simple one-dimensional models and more complex models should be used with their 
respective purposes. The paper gives an introduction to one such model. Using this model 
it is possible to describe the outcome of an evacuation in case of fire.  
 
The paper also points out the benefit of carefully consider human behaviour when emer-
gency exits are provided in the tunnel. Illumination and/or using flashing lights may be 
used to increase the chance of having more people choosing an emergency exit in favour 
of the tunnel entrance. 
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ABSTRACT 

 
Rescue and fire-fighting carried out by the fire brigade are normally not expressed by 
performance criterias. In ordinary buildings this does not create a great problem since the 
measures for fire-fighting has a long tradition and are taken care of in design. When 
looking back on recent catastrophic fires in tunnels and the very different solutions for 
fire-fighting in tunnels that exists one realise that we can not build on traditions. We need 
to define the performance expected and design for effective rescue and fire-fighting.  
 
EXPECTATIONS ON FIRE-FIGHTING 
 
Whenever an accident or fire occurs in a tunnel or underground station we can expect the 
fire brigade to help minimising the damage. They are indeed a safety factor that should be 
taken in account when designing safe tunnels. Even though every tunnel should be 
designed to assure that all persons can evacuate safely in case of a fire, we all know that 
in some scenarios there will eventually be persons trapped.  

 
Based on previous tunnel fires it is easy to draw the conclusion that the fire brigade 
always will put out the fire and save all people trapped in the tunnel. If this is not 
achieved then it is because of improper design or management, and not because the fire 
brigade can face situations they are not supposed to manage.  
 
In rural areas we have to expect less from the fire brigade, design for that and get accep-
tance for this situation. In Norway, there are a lot of tunnels that were built to decrease 
the risk by avoiding driving slippery serpentine roads on the mountainsides. These 
tunnels has only a limited traffic and would not have been built if they had to be fitted 
with all safety equipement to allow the fire brigade to fight a fire. Sometimes when the 
risks are high, and not acceptable, the solution might be a specially designated fire 
brigade for the tunnel such as for the Mont Blanc and St Gotthard tunnels.  
 
When discussing expectations on fire-fighting and safety one should include fire-fighters 
safety. With an increased risk for the fire-fighters we might achieve a lower risk for 
persons trapped. The fire-fighters in Baku, Azerbadjan were expected to fight the disas-
trous subway fire without any breathing apparatus at all, while other modern fire brigades 
has safety regulations limiting their work to an acceptable risk level. In Sweden there is 
generally accepted that the limit of fire-fighting in hazardous smokefilled environment is 
75- 125 meter from a safe point. 
 
INTERNATIONAL STANDARDS 
 
Most of the tunnels and underground stations constructed today apply to either a building 
code and/or national standards. When discussing the fire brigade as a safety factor it is 
difficult to through reading the written requirements understand what importance is the 
contribution of the fire brigade supposed to be related to the total safety. This is 
especially important to understand when implementing a standard or code in other loca-
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tions than the country of origin for the code, and when comparing installations for fire-
fighting between tunnels. 
 
In 1997 a survey1 carried out in Japan and European countries on behalf of the Swedish 
National Rescue Services Agency showed that no international standard for fire-fighting 
in tunnels were existing and that the very different approaches called for different fire-
fighting measures to be taken. A visit to the Boston Central Artery tunnel from Södra 
Länken roadtunnel project showed such differences in fire brigades capabilities and fire-
fighting routines that their safety concept and standards could not form a ground for the 
Södra Länken project. 
 
Evacuation of tunnels might be standardised in the near future, but the differences 
between fire-fighting in different countries makes it unlikely that international standards 
will be accepted regarding installations for the fire brigades as a solution over the next 
five-ten years.  
 
ENGINEERING APPROACH TO RESCUE AND FIRE-FIGHTING  

 
An engineering approach is in this paper defined as: 
“Trying to create conditions for recue and fire-fighting that fits to the fire brigades 
capabilities and needs, and to the risk acceptance.” 
 
This will lead to different solutions based on a general conceptual design applied to local 
conditions. 
 
The design for fire-fighting and rescue is a process consists of at least four parts: 

- Performance requirements 
- The tunnel  
- Fire brigade capabilities 
- Table-top exercises 

 
It is directly dependent on the design for safe evacuation. 
 
Performance requirements 
 
The engineering work has to start with the definition of performance requirements. We 
have to find out what is applicable to the project in terms of: 
 

• Regulations 
• Acceptable risk 
• Standards 
• Cost-effectiveness 
• Benchmarking, State of the art. 
• RAMS (Reliability, Availability, Maintainability and Safety) 

 
Normally the applicable regulations are easy to define, but the interpretation could be 
more difficult to do. As an example there is a regulation for building constructions in EU 
stating that the safety of firemen should be considered. What does this mean in terms of 
safety for smoke diving in tunnels?  
 
The last bulletpoint RAMS represents a railway standard2 as well as a very important way 
of reasoning. If the tunnel is of great importance to infrastructure then it is not only safety 
for persons that must be considered in case of a fire, but the possibilities of a limiting the 
interruption of the traffic. Even the safety installations themselfs should have require-
ments in terms of reliability, accessibility and maintainability. Catastrophic Fires is often 
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the result from many faults along the way towards catastroph. In Mont Blanc3 the fire 
alarm was out-of-order, the distance warning system between vehicles was removed years 
earlier since it was not functioning as planned and the smoke exhaust fans could not be 
operated at maximum speed because of vibrations etc. 
 
The tunnel  
 
When the bases are set with preliminary performance requirements it must fit with the 
tunnels design features. They could be divided into: 
 

• Tunnel 
• Traffic 
• Surroundings 

 
Bi-directional tunnels without a parallell tunnel are the most dangerous constructions. 
Head on collision, difficult smoke ventilation conditions and often few escape routes 
contribute to the increase of risk. For the fire brigade fire-fighting is likely to be more 
difficult because of the decreased possibility to access the fire due to traffic conditions. 
Remember that Mont Blanc, St Gotthard, Tauern and Pfändertunnel all were bi-direc-
tional. Only St Gotthard had an alternative accessway through a special rescuetunnel. 
 
Other factors that influence the risk and the need for different safety measures are the 
length, the construction type, parallell tunnels, cross section, ventilation for normal traffic 
conditions etc. 
 
The traffic is different between road and rail tunnels of course, but also between different 
tunnels within these two categories. There are tunnels only allowed for passenger 
vehicles, tunnels that also permits freight traffic and lastly tunnels for transports of 
hazardous goods. For railtunnels there will also be some tunnels with underground 
stations. 
 
The surroundings has more impact on the engineering solutions for fire-fighting and 
rescue than one might think. The depth under groundlevel, the geological conditions, 
environmental protection, buildings etc can force you to exclude some solutions and 
choose other. The Trans-Tokyo Bay roadtunnel consists of two separate tunneltubes that 
was to be connected by cross-passages, but the movement of the separate tubes due to 
geological conditions called for a different solution. The fire brigade now enter from 
beneath the road way and up by the escape slides! 
 
Calculations 
 
In the work with fire safety here is where the safety design with fire and smoke calcu-
lation as well as evacuation simulation take place to find suitable solutions concerning 
life safety for persons using the tunnels. Design fires are choosen and preliminary risk 
analysis are carried out. In this work you will always find scenarios when some people 
will not make it to a safe haven. What could be done by the fire brigade to save them? 
  
Today there are no generally accepted standards or methods for evaluation of the fire 
brigades efficiency. Studies and research work are carried out in a few countries. In some 
recent building projects CFD-models has been used to find out the supposed conditions 
for the fire brigade when they arrives, and from that estimates has been done of the 
efficiency.  
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CO-OPERATION WITH THE FIRE BRIGADE 
 
Each tunnel has got its own unique features. If they are taken care of as possibilities for 
fire-fighting, the result will be excellent. If the fire brigade have their strategy and tactics 
ready at an early stage, then the project will have greater possibilities to fullfill them. That 
is why co-operation is essential.  
 
At the first meetings with the fire brigade it is important to present the project and to let 
the fire brigade present their response time, capacity, equipment and work safety regu-
lations. When plans for traffic and evacuation is presented by the project it is equally 
important to let the fire brigade present how they plan for an intervention in case of fire in 
the tunnel. If there is an understanding between the project and the fire brigade of each 
others situation and plans there is a base for co-operation in design for rescue and fire-
fighting. 
 
To examplifie the differences we compare the Tokyo Fire Brigade has 13.000 firemen 
and with a first response at place within 5 minutes. They have robots and sprinklered 
roadtunnels, some with accesways at about 60 meters distance.  
 
In the north of Sweden we have tunnels were there will 3 firemen at the tunnel within 30 
minutes. No access ways available in the 1 kilometer long tunnel. They face a developed 
fire and need more water to fight the fire or alternatively no water at all cause they can 
not fight a fire under such conditions! 
 
Table-top exercises with participants from the project, the operator and the fire brigade 
can be very useful to discuss different scenarios. In most swedish project we perform this 
continously during the project to make sure that we wont spend money on installations 
that will be ineffective or not be used at all. 
 
We firstly perform table-top exercises on strategies and tactics for fire-fighting were we 
put up  scenarios, the fire brigade explain their plans and together we find alternatives 
that make it better and/or more cost-effective. Will they drive into the tunneltube with the 
fire, or will they try to attack from the parallell tube? Will longitudinal ventilation be 
needed during fire-fighting and who assure the safety by blowing the smoke along the 
tunnel? 
 
Other times we exercise the alarm and information flows during the first ten minutes to 
confirm that necessary installation meet up with the needs. Who will get the first alarm in 
case of a fire aboard a train? Train personell, alarm center by cellphone or train control by 
detectors in the tunnel? What information does the fire brigade get about the trains 
position in the tunnel? Is it enough to choose the best accessway? 
 
Sometimes we discuss specific problems and technics like use of new technology or 
mobile equipment instead of fitted installations. Examples are use of IR-cameras, mobile 
fans and automatic earthing. If necessary we do full scale exercises to try equipment. 
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The the table-top exercises results in an understanding of what we can expect from the 
fire brigade. Their possibilities to rescue persons and fight fires under different circum-
stances. We then consider this in the further design.  
 
As a tool to show the contribution to safety by the fire brigades intervention we often use 
risk analysis. In projects with fn-curves as safety targets it is most important that the fire 
brigades possibilities to contribute to safety is evaluated. Sometimes we have seen that 
the fire brigades rescue efforts are not evaluated in the analysis. Why it is that way differs 
from difficulty to calculate the value to believing the value is zero. If the value is truly 
believed to be zero then no effort should be put into fire fighting installations, fire alarms 
connected to the fire brigade etc. On the other hand if we believe there is a of any impor-
tance then it should be shown in the analysis.  
 
The analysis normally forms a base also for the cost-effectiveness of these measures. It is 
very rare that there is a cost-effectiveness in measures for rescue and fire-fighting since 
most of the installations are not used for daily purposes and therefore not creating any 
value under normal conditions. If possible find solutions where the tunnels design and 
equipment for daily purposes are used as much as possible. 
 
CONCLUSIONS 
 

• It’s a process to find optimal solutions for fire-fighting and rescue that every 
project has to go through to get optimised safety and cost-effectiveness for rescue 
and fire-fighting.  

• Accept that the contribution to safety achieved by fire brigades differs between 
tunnels. But the life safety must be held at an acceptable level without the contri-
bution of the fire brigade. 

• New competence are needed in projects to accomplish the process. 
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ABSTRACT 
 
This paper gives an overview of different fire sprinkler concepts for use in roadway 
tunnels. It is concluded that few roadway tunnels today are being equipped with a fire 
sprinkler system. The main reason is probably the high associated costs, but concerns 
such as reduced visibility during activation also play an important role. Another possible 
reason is that the performance of different types of systems not has been systematically 
investigated. In addition, the knowledge of the most suitable system design has been 
uncertain. 
 
During the recent years, several large-scale fire sprinkler tests have been conducted using 
fire scenarios identical or similar to the scenarios that can be expected in roadway 
tunnels. The experience from these tests have made it possible to draw conclusions on the 
conceptual design of a successful fire suppression sprinkler for roadway tunnels. It is, 
however, necessary to establish proper fire protection objectives before any conceptual 
design or type of system is chosen. 
 
Keywords: Roadway tunnels, sprinkler systems, water mist systems 
 
INTRODUCTION 
 
In Japan, approximately 80 roadway tunnels are equipped with sprinkler systems; how-
ever, in other parts of the world fire sprinkler systems are not very common. One example 
in USA is the First Hill and Mt. Baker tunnels on the I-90 roadway into Seattle, 
Washington. These tunnels are equipped with a deluge foam-water sprinkler system [1, 2, 
3] 
 
Another example is the Sydney Harbour Tunnel in Australia where a traditional deluge 
water sprinkler system is installed [4]. Few roadway tunnels in Europe are fitted with the 
sprinklers. One example is the Klara tunnel in the centre of Stockholm, were a deluge 
sprinkler system is installed [5]. The tunnel was built in the 1970th, however, the sprinkler 
system have out of service since 1998, but is expected to be put into service again in the 
near future. 
 
The new A73 highway around Roermond in the south of The Netherlands will include 
two tunnels fitted with fire suppression systems [6]. The system details are not yet con-
firmed but the suppression concept is expected to be zoned deluge systems with AFFF 
proportioning. The authorities believed the measures were necessary because of the 
response time of the emergency services and because trucks carrying LPG and other 
dangerous goods would use the tunnels. The Roermond tunnel is 2,2km long; the other 
tunnel at nearby Swalmen is 400 m long. Construction is to start this year and will be 
completed in 2008. 
 
Limited experience from real fires in sprinklered tunnels is available. However, recently a 
fire [7] in a passenger car in Fløyfjelltunneln in Bergen in Norway was successfully con-



International Symposium on Catastrophic Tunnel Fires (CTF), Borås, Sweden, November 20 – 21, 2003 
 
 
 
 

 194  

trolled by the sprinkler system, although the driver of the car was killed when the car 
crashed into the tunnel wall. 
  
The main reason for not installing a fire suppression system is probably the high 
associated installation costs, but concerns such as reduced visibility during activation also 
play an important role. Another possible reason is that the performance of different types 
of systems not has been systematically investigated. In addition, the knowledge of the 
most suitable system design has been uncertain. It has been argued that sprinklers can 
cause conditions during a fire, for example as reported in [1] and [8] that are unfavorable 
compared to the non-sprinklered case, such as: 
 
1. A reduction in visibility by the water sprays from the sprinklers and from the smoke 

that are cooled and pushed down. This might affect people’s possibility to evacuate. 
An unintentional activation of a sprinkler system could of course also initiate traffic 
accidents. 

2. Formation of steam causing high temperatures and a volume expansion that pushes hot 
smoke and increases temperatures further away from the fire compared to the non-
sprinklered case. 

3. Flammable liquids can be carried on the water, spreading the fire and increasing its 
size. 

4. The risk for vapour explosions in unburned fuel (gasoline). 
 
All the tunnels described above are equipped with traditional type systems. However, 
new technologies are being discussed and during the recent years, several large-scale fire 
tests have been conducted using fire scenarios identical or similar to the scenarios that 
can be expected in roadway tunnels. The experience from these tests have made it 
possible to draw conclusions on the conceptual design of a successful fire sprinkler 
system for roadway tunnels. 
 
THE FIRE PROTECTION OBJECTIVES 
 
No roadway tunnel look like the other, for that reason, there are no generic fire sprinkler 
system concept available. A concept would need be tailored to the conditions that exist. 
In all cases the fire protection objectives need to be determined. The fire protection 
objectives for roadway tunnels can be simplified to either “fire suppression” or “fire 
control”. Given below is an attempt to specify these objectives. 
 
Fire suppression 
 
• Limit the heat release rate from fires in vehicles 
• Suppression of flammable liquid pool fires 
• Limit the formation of toxic gases 
 
Fire control 
 
• Control the heat release rate from fires in vehicles 
• Prevent fire from spreading from vehicle to vehicle 
• Protect the tunnel construction from heat exposure to minimize damage 
• Provide possibilities for manual fire fighting 
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Primarily, a sprinkler system concept aimed for meeting the fire suppression criteria will 
differ from a concept meeting the fire control criteria regarding the amount of water used, 
whether AFFF (or any other type foam) is used with the water, the positioning of the 
sprinklers and the principle of the activation of the system. 
 
THE CONCEPTUAL DESIGN 
 
Based on the expected fire scenarios in roadway tunnels, it is possible to provide an indi-
cation of some fundamental requirements that any type of fire sprinkler system need to 
meet, irrespective of the fire protection objectives: 
 
1. An open deluge type system, activated by a separate fire detection system, is prefer-

able compared to an automatic wet-pipe or dry-pipe system. The reason is that a fast 
growing, large spill fire can create a multiple activation of automatic sprinklers or 
nozzles and thereby overtax the system water supply. The concern is exemplified by 
the two fire tests [9] conducted at Factory Mutual Global, were a large spill fire 
activated 178 and 164 sprinklers, respectively. However, new technique [10], 
developed for water mist systems for roadway tunnels may prevent multiple activation 
of automatic nozzles. 
 
The most proper length of the deluge zones much be based on the width of the tunnel 
and the capacity of the water supply. Large zones will reduce the number of control 
valves but require a higher total water demand. 
 

2. Overhead-mounted (ceiling-mounted) sprinklers or nozzles are probably preferable. 
The advantage over a low-level location is the improved cooling of hot combustion 
gases. The disadvantage is that the reduction in visibility may influence possibilities to 
evacuate. 

 
3. Several options regarding the fire detection system are available, for example spot 

heat, rate of rise or line detectors. Smoke detectors can probably be considered 
inappropriate for roadway tunnel environments. Regardless of the choice of fire 
detection system, the activation of the fire sprinkler system should be delayed for a 
certain period of time to allow for the tunnel operator to determine whether there is a 
fire or a false alarm. The delay time also increase possibilities for evacuation of the 
tunnel. This approach, having an automatic system with the possibility of human 
interaction is used in the First Hill and Mt. Baker tunnels. 

 
4. The use of a film-forming foam additive, for example AFFF, to the water will signifi-

cantly improve the effectiveness against flammable liquid spill fires and will make it 
possible to reduce the discharge density compared to water only, see the discussion 
below. 

 
5. The duration time of the water supply and the quantity of foam concentrate (if used) 

should be based on the duration times of the expected fire scenarios, with an appro-
priate safety factor. 

 
APPROPRIATE WATER DISCHARGE DENSITIES 
 
Flammable liquid hazards – without the use of a foam additive 
The Technical Research Centre of Finland (VTT) has carried out tests [11, 12] on ten 
different flammable liquids using seven different sprinklers and water spray nozzles. The 
experiences from these tests can be applied to roadway tunnels. 
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The flash point of the liquids used for the tests ranged from -6°C to 234°C, the pool fire 
size from 0,4 m2 to 12 m2 and the nozzle-to-pool height from 3 m to 8 m. Based on the 
tests, recommendations were being made on the required water application rate to achieve 
fire control or extinguishment. A number of conclusions were drawn from the tests: 
 
1. The extinguishment mechanism was cooling of the fuel surface in most of the cases 

i.e. the fuel was cooled below its flash point. Low flash point liquids could only be 
extinguished by blowing off the flame from the vicinity of the fuel surface. Liquids 
with higher flash point than 60°C could be extinguished reliably, at lower flash point 
the cooling of the surface by the water drops and the production of water vapour is not 
as effective.  

2. Large pool fires required higher application rates for fire control, compared to smaller 
pools. 

3. When the sprinkler or water spray nozzles were high above the fuel surface the 
sputtering caused by the largest water droplets may be detrimental. In that case the fire 
may only go out after the water is turned off. 

4. Delivered density cannot be uses as the only measurement for the capacity of the 
extinguishing system. In one case a fire was controlled with only 7 mm/min, whereas 
at the worst case, with another nozzle type, the same fire was not controlled even with 
34 mm/min. It was also found that medium and high velocity spray nozzles worked 
less effectively than sprinklers of the same nominal orifice size. 

 
In spite of the uncertainties mentioned above, it can be assumed that sufficient protection 
of hazards, with immiscible hydrocarbon liquids with a flash point higher than 60°C, is 
obtained with sprinklers provided that the water application rate is higher than 25 
mm/min. If the flash point is higher than 120°C, 10 mm/min is most probably a sufficient 
water application rate. It should be noted that these application rates refers to exposed 
fires, fires where the water spray is shielded by obstructions are likely to require higher 
application rates. 
 
Flammable liquid hazards – using a foam additive 
The discharge density needed in order to extinguish or control flammable liquid fires 
using water with a film-forming additive is reasonably well established. Information is for 
example given in NFPA 16, which [13] recommends an average discharge density of 
6,5 mm/min (equal to (L/min)/m2). 
 
Large scale fire suppression tests, using flammable liquid hazards, in tunnels are very 
rare, however, during the ”Memorial Tunnel Fire Ventilation Test Program” [14, 15] a 
series of five tests were conducted with foam-water sprinklers. The main objective of the 
test series, that incorporated at total of 98 tests, was to investigate the effectiveness of 
different ventilation systems, ventilation rates, etc. during fire and to build a data base 
with information on temperature and smoke movement. 
 
Pool fires with fuel oil were used to simulate fires with heat release rates of 10, 20, 50 
and 100 MW. A heat release rate of 20 MW corresponds, according to the reference, to a 
freight truck or a bus under fire. The largest sized fire, 100 MW, corresponds to a fuel 
spill of approximately 45 m2. The objective of the fire suppression tests were to investi-
gate how the performance of a foam-water sprinkler system is affected by different loca-
tions of the nozzles, the ventilation rate inside the tunnel and the heat release rate of the 
fire. One of the concerns that were expressed was that a high longitudinal ventilation 
velocity could carry the foam away from the fire. 
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Water and foam additive, 3% AFFF, was pumped from a container to a matrix of nozzles 
in the tunnel. It is not clear from the reference which type of nozzles was used. 
 
Three tests were conducted with a suspended ceiling installed inside the tunnel such that 
the section area was rectangular. Sprinklers were installed at the ceiling. The measured 
water flow rate was 756 L/min which corresponded to an estimated discharge density of 
3,8 mm/min. The heat release rate of the fire was 20 MW in all of these tests. (Note. The 
nominal discharge density is not given by the reference, the value above is estimated 
based on the width of the tunnel and the length of the section of sprinklers installed. The 
discharge density might have been higher right above the pool fire). 
 
Two additional tests were conducted without the suspended ceiling. During these tests the 
sprinklers were installed 2,1 m above the floor level. The measured water flow rate was 
474 L/min which corresponds to an estimated discharge density of 2,4 mm/min. For these 
tests, two different heat release rates were used, 50 MW and 100 MW, respectively. 
 
The following conclusions were drawn from the tests: 
 
1. The effectiveness of the deluge foam-water sprinkler system was not negatively 

affected by a longitudinal ventilation velocity of 4,2 m/s. The fires were extinguished 
in less than 30 seconds in all four tests. 

2. Times to extinguishment were longer, approximately 2 minutes, when the nozzles 
were installed along the wall of the tunnel. One reason could be that the coverage area 
of the nozzles not was as uniform and the fact that lower discharge densities were 
used. Another contributing factor could be the higher heat release rates and the longer 
preburn times. 

 
Fires in vehicles 
The water discharge densities described above (with the addition of a film forming foam) 
might be enough to suppress a flammable liquid fire, but they are far from being enough 
to suppress a fire in a freight truck. This is illustrated by a large-scale test conducted [16] 
at the Swedish National Testing and Research Institute (SP) where a fire on a vehicle 
deck onboard a ship was simulated. Two freight truck mock-ups were built side by side 
under a suspended ceiling. A deluge system with a total of sixteen open water spray 
nozzles was installed at the ceiling. The system was designed according to the current 
requirements for vehicle decks onboard ships [17], the average water discharge density 
was, however, slightly higher, 6,5 mm/min as compared to the required 5 mm/min. 
 
The cargo of the ”freight trucks” consisted of a limited amount of cardboard boxes with 
plastic cups and empty cardboard boxes. At the floor, between the ”freight trucks” a pool 
fire tray with 14 L of heptane was positioned in order to simulate a small spill of fuel. The 
total amount of combustibles was reasonably low, only approximately 13 000 MJ, which 
can be compared to a real freight truck, with a trailer, where the fire load can be 300 - 
400 000 MJ, all dependent on the type of cargo carried. The limited amount of com-
bustibles did, however, not affect the initial fire development but rather the fire duration 
time. 
 
The pool fire tray was lit and the fire developed very rapidly. Both the ”freight trucks” 
were completely involved in the fire after 30 seconds. The water spray system was 
manually activated 90 seconds after ignition of the fire. The spill fire on the floor was 
reduced at the same time, as the fuel was consumed. 
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Temperatures measured at the ceiling indicated that the gas temperature was close to 
1200°C during the period of time when the fuel spill was burning. At the time when the 
fuel was consumed and the system activated the temperatures were reduced to between 
800 - 950°C. Temperatures decreased gradually approximately six minutes after ignition 
as the combustibles were consumed. If the fire load had been higher, this period of time 
would have been longer. It can be concluded that the reduction in temperature was 
relatively limited despite the activation of the water spray system. 
 
TRADITIONAL SPRINKLER SYSTEMS OR WATER MIST SYSTEMS? 
 
Water mist systems have become common for the protection of passenger cabins, public 
spaces and similar occupancies onboard ships. They are also used for the protection of 
flammable and combustible liquid hazards in machinery spaces and gas turbines. For use 
in roadway tunnels, several benefits can be attributed: 
 

• Improved cooling of hot combustion gases, which reduce the heat radiation feed-
back to the fire and prevents fire from spreading 

• Improved heat flux attenuation, which prevents fire from spreading 
• Less influenced by high ventilation velocities conditions (valid for high-velocity 

water mist) 
 

 
 
Picture showing a water mist system activated inside a tunnel. The nozzles are positioned 
at both sides of the tunnel and directed towards its centerline. 
 
Traditional sprinkler system technology is also under constant development, especially 
for high-hazard applications such as warehouses. During the last years, development has 
focused on reducing system pressure, using sprinklers with larger orifice sizes. This in 
turn, increase the water droplets sizes which improve the effectiveness of the sprinklers, 
as the droplets to a larger extent is able to penetrate the hot fire plume, down to the fire. 
In addition, the coverage area of some new sprinkler types is larger compared to recent 
type sprinklers. The benefits from the new sprinkler technology can be summarized as 
follows: 
 

• Reduced number of sprinklers as the coverage area per sprinkler is larger 
• Reduced system pressure due to the larger orifice sizes 
• Less pipe needed 
• Improved effectiveness as larger droplets penetrate the fire plume better 
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Picture showing a large-orifice extended coverage sprinkler. The sprinkler is positioned 
6 m above floor level and covers an area of nearly 10 m by 10 m. 
 
DISCUSSION AND CONCLUSIONS 
 
The following conclusions can be drawn: 
 
1. Automatic wet-pipe or dry-pipe systems are generally not sufficient, primarily due to 

the risk for multiple activation of an excessive number of sprinklers or nozzles, but 
also for the reason that a false activation could create collisions. An open deluge type 
system either activated manually or automatically (with a time delay in order to make 
it possible for the tunnel operator to determine whether there is a fire or a false alarm), 
seems preferable. 

2. A water spray or sprinkler systems cannot be expected to be able to suppress or extin-
guish the low flash point fuel spill fires that can occur in a roadway tunnel, unless the 
average water discharge density is very high. In addition, water only posses an 
obvious risk that flammable liquids could be carried on the water, spreading the fire 
and increasing its size. The use of a film-forming foam additive, for example AFFF, to 
the water will significantly improve the effectiveness against flammable liquid spill 
fires and will make it possible to reduce the discharge density compared to water only. 
The tests conducted during the ”Memorial Tunnel Fire Ventilation Test Program” 
indicates that extinguishment can be expected, even at reasonably high ventilation 
rates and after long preburn times. 

3. The foam-water discharge densities adequate for flammable liquid spill fires may be 
sufficient for fire control (refer to definition in the beginning of the paper) but are not 
sufficient for fire suppression of freight truck fires. To achieve this, water densities in 
the order of two to three times higher are probably needed. 

4. Water mist systems have several benefits, including improved cooling of hot combus-
tion gases and improved heat flux attenuation. As with traditional sprinkler systems, 
the use of a film-forming foam additive to the water will improve the effectiveness 
against flammable liquid spill fires. 

5. New sprinkler technology (large-orifice, extended coverage sprinklers) will allow 
reduced system pressure, larger coverage area per sprinkler, less piping and improved 
effectiveness due to larger droplets (improved penetration of the fire plume). 
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6. The duration time of the water supply and the quantity of foam concentrate should be 
based on the maximum expected fire duration times, with an appropriate safety factor. 
 

7. Additional research and testing is desired to further explore the possibilities of using 
new sprinkler technology or water mist systems for the protection of roadway tunnels. 
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Fire Suppression in Road Tunnels - Why it is Needed   
A Fire Brigade View 

 
 
 

Les Fielding  
Wiltshire Fire Brigade, 

UK 
 

SYNOPSYIS 
 
Historically fire authorities in the UK have accepted tunnel standards that have been 
imposed upon them.  The consultation that has taken place has been fragmented and 
resulted in varying standards across the Country.  Following the publication of the 
Highways Agency document, BD 78/99 (Design Guide for Road Tunnels), the guidance 
for Tunnel developers/operators to consult prior to and during the design stage has been 
standardised, this now takes place for any new tunnel or refurbishment of an existing 
tunnel.  This consultation is done through the TDSCG (tunnel design & safety consulta-
tion group).  Fire authorities now have a better opportunity to be involved in the design of 
safety features in tunnels and are able to have an impact on the design of them.  
 
The severity of fires in European tunnels over the last 5 years with the tragic loss of life 
that has resulted from them has stimulated worldwide interest in “Fire Safety” in tunnels.  
It is clear that much research and testing of practical safety applications has been and is 
being undertaken.  The majority of this research however, is limited to the single tunnel 
design applications and in the main focuses on ventilation systems as the only viable life 
safety measure available to solve the problem of life safety from fires in tunnels. 
 
The advances in tunnel safety whilst far reaching have not yet (in the opinion of the 
author) been fully addressed.  The safety improvements due to lessons learned from the 
Mont Blanc, St. Gotthard and Tauern tunnel fires are not far reaching enough.  Focus has 
been on developing even more complex ventilation systems.  Systems that whilst fully 
automatic still have the potential to fail and the size of fire they are designed for is not 
unlimited. 
 
Ventilation is the main mechanism for secure the safety of life from fire in most existing 
tunnels and is effective for the vast majority of fires that occur in them there is still no 
guarantee that it will deal efficiently with all fire scenarios.  Fire suppression on the other 
hand continues to be shunned by the European and American communities as a means of 
controlling fires in tunnels even though it is accepted and utilised in Australasian 
countries and Japan, where it is only used after evacuation from the fire area is complete 
for protection of the asset.   In most cases ventilation of tunnels in the event of fire is seen 
as the only realistic fire life safety system.  In reality where LGV’s (large goods vehicles) 
are involved, ventilation can only assist for a short time and deal with design fire sizes.  
Longitudinal ventilation is useless in bi-directional or standing traffic until evacuation is 
complete and the transverse and semi-transverse systems in the Alpine tunnels have 
proved their inadequacy in recent years with the tragic loss of life previously mentioned. 
 
Tunnel engineers must rethink this strategy for tunnel protection and design and install 
systems that will provide for the safety of tunnel users in all situations.  The recently re-
opened Mont Blanc Tunnel with its multi million euro, fully automatic combined longi-
tudinal and exhaust system is an example of this.  Even after such an extensive re-
development of the safety systems in the tunnel the operators cannot be totally confident 
that it would prevent an incident developing to the same magnitude as the last fire in 1999 
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without the additional traffic management controls that have had to be introduced, which 
have created massive hold up’s for those wishing to use the tunnel. 
 
On the other hand Eurotunnel’s life safety mechanisms and evacuation strategy worked 
when they were faced with a severe and life threatening fire in 1996.   In spite of this they 
have not been satisfied that life safety and asset protection can depend on one system 
alone.  They continually review their tunnel management and emergency strategies have 
fitted water mist fire suppression systems in their LGV transport shuttles.  This continual 
review mechanism is what road tunnel engineers and operators must continue do to 
ensure safety for users of their tunnels. 
 
Tests on fire suppression were carried out in the Benelux tunnel in the Netherlands and 
following the tests the decision was made on a cost benefit, risk assessed basis not to 
utilise such a system in the completed tunnel.  There is a need to look beyond the simple 
cost benefit of providing safety in tunnel.  Safety systems should not rely on one system 
alone and cannot continue relying on a system that is known to fail in certain circum-
stances, a system that will allow and possibly assist a fire to develop to a magnitude that 
not only puts the lives of tunnel users and emergency services personnel at risk, but also 
endangers the very fabric of the tunnel itself with the potential to harm the environment. 
 
Fully integrated, holistic life safety and traffic management systems are needed, systems 
that utilise the available technology to achieve the optimum safety that the engineer 
should be reasonably expected to provide.  To continue with a paradigm that only pro-
vides us with a partial safety mechanism is not the answer.  Tunnel and fire engineers 
must look beyond ventilation in isolation and design systems that integrate the effective-
ness of ventilation, fire suppression, traffic management, safety facilities and evacuation 
strategies to provide optimum safety for tunnel users, emergency services and to protect 
the tunnel itself.  This should start by designing improved systems to protect new tunnels 
and those being refurbished, it should start now and not wait until the next loss of life 
from a fire in a road tunnel. 
 
PESTLE ANALYSIS: (POLITICAL, ECONOMIC, SOCIAL, TECHNICAL 
AND ENVIRONMENTAL) 
 
Political Implications 
 
The political ramifications and press interest if yet another a serious fire and loss of life 
occurred in a tunnel currently in use in Europe, should not be underestimated.  The focus 
on tunnel safety would almost certainly be to look at why methods of suppressing fire are 
not being employed to reduce the risk to people from fires in tunnels.   
 
Therefore, to contemplate building a new tunnel and not include the most effective safety 
measures available is politically unacceptable and may leave those responsible for its 
development open to criticism and possible liability in the event of loss following serious 
fire in the completed tunnel. 
 
Economic Implications 
 
Public interest would suggest that the safety in tunnels with the inclusion of fire 
suppression in a tunnel should not be seen as cost prohibitive.  It would only be a fraction 
of the development cost approximately 3%.  It is estimated that the maintenance costs 
would be in the region of 1% of the installation costs annually compared with approxi-
mately 12% for a fire detection system. 
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The additional financial benefit of greatly reducing the likelihood of structural damage to 
the tunnel structure from fire cannot be accurately calculated.  However, a comparison 
can be equated to the Mont Blanc tunnel, which took three years to repair, and the 
Channel Tunnel, which took six months to repair.  The direct and indirect/consequential 
losses/costs of these two fires alone would probably fund the building of the 2Km 
Stonehenge tunnel.  The benefit of fire suppression in mitigating the potential for such 
financial and operating losses should not be underestimated. 
 
Table 1 
 

TTuunnnneell  CCoonnsseeqquueennttiiaall  LLoosssseess  CCoosstt  ooff  RReeppaaiirr  &&  
IImmpprroovveemmeenntt  

TToottaall  iinn  MMiillll..  €€  

EEuurroottuunnnneell  221111  8877  229988  
MMoonntt  BBllaanncc  226611  118899  445500  
TTaauueerrnn  1188..55  66..22  2244..77  
    TToottaall::  €€772277  

 
Investments on improvements to the rail infrastructure in the UK following the Ladbrook 
Grove rail incident have far outweighed the cost benefit of their provision.  This has been 
done due to the adverse public reaction about rail safety following the incident.  It implies 
the need to reconsider the value we place on protecting life in light of public opinion.  It 
is uncertain whether the public would perceive future road tunnel accidents in the same 
way as road accidents, or in the same way they do railway accidents.  Judging by the 
public response to the Alpine incidents it would suggest the latter. 
 
Social/Human Implications 
 
Fire’s in tunnels cost lives, those who escape are likely to have the event indelibly 
imprinted in their minds and those in the emergency services who respond to deal with 
the incident face the dangerous and difficult job of dealing with a fire situation unlike any 
they will have dealt with previously, having to step outside their comfort zone to make 
life or death decisions that may have a bearing on their own safety or on the safety of 
persons in the tunnel when carrying out firefighting or rescue tasks. 
 
These human costs are very real and extremely diverse.  Many of the developments in 
tunnel safety over recent years have been to improve the safety of tunnel users in fire and 
emergency situations.  Much work has been done to better understand human behaviour 
of how people will react in emergency situations within a tunnel environment and to pro-
vide greater controls for their safety. 
 
Human Cost 
 
• Mont Blanc 1999 – 39 People killed (including 1 firefighter) 

• 1999 Tauern - 12 People Killed 

• 1999 Kaprun  – 155 People Killed 

• 2001 Gleinalm – 5 People Killed 

• 2001 Gotthard – 11 People Killed 

• 2003 Jungango, South Korea  - 189 People Killed 

 

Experience has shown that no two situations are the same and that we cannot rely on 
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people to react in a perceived way or even follow the example of others.  During the 
serious fire in Mont Balnc tunnel there were varying reactions to the situation, these 
ranged from people staying in their cars, (27 ultimately perishing) to those who tried to 
escape, 2 people who made it to a safety refuge died from exposure to the severe heat. 
1Just for a moment take off your engineer’s hat and imagine being in your car, you are 
now stopped in a queue in a tunnel and you see a blanket of smoke moving steadily 
towards you, or through your rear view mirror coming from somewhere behind where 
you are stopped in the queue.  You have no knowledge of the tunnel infrastructure or 
ventilation and you have no idea whether anyone “in control” even knows about the 
incident, you don’t understand that there is a safe means of escape through cross 
passage/escape passage doors or that they even exist (in the Gleinalm fire - people 
running from the fire actually ran past escape doors to get away from the fire without 
noticing they were there). 
 
This is the position as designers, operators and fire engineers; we must put ourselves in, 
to design a safe solution.  It raises several questions: 
 
• How will we communicate to this individual what is expected of her/him? 

• How effective will that communication be? 

• What is the time scale available to this person to make the right decision that their 
life could ultimately depend on? 

• Is that time related window of opportunity long enough to give people the time to 
make appropriate decisions for their own safety? 

• What are they feeling at this time?  No doubt: isolated, vulnerable, possibly de-
humanised at finding them self suddenly in a situation that is not within their con-
trol all within the short space of time from being in the relative security of their 
own private car. 

• Can education of tunnel users be achieved to overcome these variables?  

 
Add into the equation, children, elderly, disabled, pets, treasured possessions and it makes 
the likely actions of this average person even more unpredictable. 

 
Legal Overview: Arnold Dix – Phillips Lawyers 
 
2It is useful to briefly mention some legal principles with respect to potential liability for 
engineers in tunnel safety design – the broad principles can be summarised and have 
global application. 
 
For the design engineer the task is simple to state - in broad terms: 
An engineer must bring to the design task such skill as would be expected of a competent 
engineer expert in the task engaged to perform. 
 
In all jurisdictions the test is not with hindsight – it is on the basis of the state of know-
ledge at the time the expert’s skills were used.  As explained in an English court: 
“In this world there are few things that would not have been done better if done with 
hindsight.  The advantage of hindsight includes the benefit of having sufficient indication 
of which are unimportant the standard to be expected of a professional man must be based 
on events as they occur and not in retrospect” (Duchess of Argyle v Beuselinck (1972) 2 
Lloyds’s Rep 172 p185. 
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In light of the serious fires that have occurred in Europe and other countries in the last 
five years, could the designers of any new or refurbished tunnel argue that they did not 
have the benefit of hindsight from other significant events to ensure that the most appro-
priate fire life safety provisions were made? 
 
Technical Aspects of Tunnel Safety 
 
Fire Suppression 
 
In parts of the World there is clear evidence that fire suppression is becoming more 
widely recognised as an essential element in the safety toolbox for tunnel risk reduction. 
 
• Japan has been installing Fire Suppression systems in many of its tunnels for over 

thirty years. 

• New South Wales Fire Service, Australia, insisted on a deluge system being fitted 
in the Sydney Harbour tunnel.  Suppression systems are now fitted as standard in 
all Australian tunnels. 

• Euro Tunnel has now equipped it’s fleet of freight shuttle trains with an on board 
fire suppression systems following the channel tunnel fire to ensure a quick and 
efficient response in case of a fire in a large goods vehicle.  Full-scale wind tunnel 
tests were carried out in France and the North of England to prove the water mist 
systems chosen to protect the shuttles. 

• 3In 2001 a full-scale test programme was conducted in Austria to assess the suit-
ability of automatic water mist systems.  These test were conducted at wind veloci-
ties of 2 – 6 m/s, they were conclusive in that they successfully passed all the 
criteria as required by the notified testing institutes.  These criteria were: 

 

a) Max of 250o C in a distance of 5m from a burning LGV to prove that spread of 
the fire can be successfully prevented (actual temperatures as measured at this 
distance were in the range of 50o C). 

 
b) Max of 50o C in a distance of 20 m from the fire to prove that the scene can be 

accessed safely by firefighters to extinguish the fire safely. 
 
c) Less than 100o C at 10mm within the concrete structure of the ceiling to 

prevent the concrete from spalling (the actual temperature increase of this 
probe was about 4-5o C at the most). 

 
• Automatic Fire Suppression would have a positive effect during and after the 

evacuation stage and will: 

 

a) Provide protection and additional time for people in the tunnel to escape.  
(Nihonzaka Tunnel 1979 208 people had 109 minutes to evacuate because the 
fire suppression system controlled the fire). 

 
b) Control the fire in its insipient stages, reducing the amount of smoke 

produced.   
 
c) Wash heavier soot particles out of the smoke. 
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d) Reduce the potential heat output of the fire protecting the infrastructure of the 
tunnel and prevent the radiated heat from spreading the fire to other vehicles. 

 
e) Continue to suppress the fire, providing the necessary control measure to 

allow firefighters to enter the tunnel, ensuring a safer more tenable environ-
ment for carrying out firefighting operations. 

 
f) Protect the tunnel structure form the effects of fire and heat. 
 
g) Protect the environment from exposure to the products of combustion that 

would be produced by a large uncontrolled fire. 
 
In addition to the technical standards applied to tunnel fire suppression systems in Japan 
and Australia, Marioff, AQUASYS and Tyco Wormald are all service providers that have 
the technical experience and ability to install water-based suppression systems in tunnels.  
IFEX are in the process of developing rail mounted or fixed, impulse water suppression 
systems for tunnels.  Igor Kottler from the USA has developed the FirePASS system, a 
means of producing a Hypoxic air, an oxygen deficient atmosphere that will support life 
yet inhibit combustion.  With all these systems available how long will it take before 
tunnels are routinely protected in Europe? 
 
Longitudinal Ventilation 
 
Comment on Longitudinal Ventilation is based on the Authors consultation with regard to 
the proposed Stonehenge Tunnel. The longitudinal ventilation system planned is quoted 
as being the principle life safety system for the Stonehenge tunnel in the event of a fire.  
Whilst there is little doubt that a longitudinal ventilation system is very effective for small 
fires confined to one car, there are serious gaps and flaws in its ability to provide for the 
safety of tunnel users in all situations, LGV fires and the potential for a fire in the middle 
of standing or in bi-directional traffic being examples.  Normal procedures will be to turn 
on the ventilation fans following the discovery of a fire.  The longitudinal ventilation 
system will then clear the smoke in the same direction as the flow of traffic.  The theory 
is that all traffic down wind of the fire will exit the tunnel and that all traffic behind the 
fire will be in fresh air. In the case of standing or bi-directional traffic, the ventilation 
system would be isolated allowing stratification of the smoke layer in the hope that 
people will react quickly and effect their own un-aided escape.   
 
The Stonehenge tunnel will have a 4% slope from each end to the sump, in circumstances 
where the ventilation system is isolated, the natural buoyancy of the smoke would follow 
the line of least resistance up the slope and create its own natural ventilation currents 
(chimney effect).  The tunnel population in a situation involving a fire in standing traffic 
would be at its maximum.  Therefore, a rapidly developing fire would ensue and the fire 
would quickly spread from the vehicle of origin.  Tenability limits would be quickly 
exceeded in this situation and result in insufficient time for all occupants to escape to 
safety.  The Bradford City Football Club fire was a graphic example of how dynamic a 
fire can be if left unchecked.  It took less than six minutes from the stage of visible flame 
to flash over and total involvement of the whole football stand.   
 
There are reports available that question the suitability of longitudinal ventilation.  The 
tests carried out in the Memorial tunnel in the USA in 1993 were not exhaustive.  In fact 
whilst they tested the ventilation system up to 50 Mw fires they were done using pool 
fires on the tunnel floor with a known surface area.  There does not appear (from research 
undertaken to complete this paper) to have been any consideration given into the effect 
that high-sided vehicles may have had on blocking the tunnel cross section or on the 
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significantly different fire situation created when large goods vehicles loaded with class 
‘A’ materials are involved in fire with the greatly increased surface area that is available 
support combustion. There is evidence to suggest in the case of a LGV fire similar to the 
one where the fire started in the Mont Blanc tunnel that a longitudinal ventilation system 
could actually increase the intensity of the fire, creating a blow torch effect similar to that 
created by the natural flue effect which killed 155 people in the steeply inclined Kaprun 
tunnel and the one that caused the flash over in the Kings Cross disaster. 
 
Research at Edinburgh's Heriot-Watt University 
 
4Fires in road and rail tunnels are among the most difficult to tackle. Dense smoke 
quickly engulfs the tunnel, drastically cutting visibility and seriously hampering the work 
of the rescue services. Fast action is essential in clearing the smoke and to do this fans are 
used to blow air down the tunnel. But there is a problem: how strong does the air flow 
have to be to blow the smoke away, and might it in fact help to fan the flames and make 
the fire bigger or spread it to other vehicles. 
 
This is this question that Dr Alan Beard and Ricky Carvel of the Department of Civil and 
Offshore Engineering at Edinburgh's Heriot-Watt University are attempting to answer. 
The work, the first of its kind to be developed in the world uses mathematical modelling 
and statistical techniques to determine the effect of ventilation rates on different types of 
fire. The results suggest that at currently recommended forced ventilation velocities, some 
fires could be increased in size six - or sevenfold. "Rather than having a single rate of 
ventilation applied in all cases, as international guidelines currently propose," Says Dr 
Beard, "fires should be considered separately."  
 
Environmental Overview 
Any new development should be designed to be environmentally cleaner and more 
economic to maintain. 
 
With fire suppression, no longer need a fire become so large and uncontrollable that even 
when no persons are involved, the products of combustion pollute the atmosphere and the 
structural damage caused calls on the use of even more non-renewable resources to 
repair, a net gain to society. 
 
FUTURE COMMITMENT OF EMERGENCY SERVICES – PROPOSED 
STONEHENGE TUNNEL 
 
Upon completion of the Stonehenge Tunnel the Highways Agency will be dependent on 
Wiltshire Fire Brigade, Wiltshire Police and Wiltshire Ambulance Service among others 
as partners in their risk management strategy.  
 
There is an expectation that the Fire Service will be on hand to deal effectively with inci-
dents in the tunnel and that the joint actions of the emergency services will mitigate the 
effects of any incident that may occur.  History has shown that in the case of tunnels this 
is not always possible, dynamic risk assessment by the Incident Commander at an inci-
dent will ascertain whether it is safe for firefighters to access the risk.  Indeed following 
lessons learned from Mont Blanc and the Gotthard tunnel fires the only option may be to 
allow the fire to burn out without intervention in an unprotected tunnel. 
 
In addition to this Stonehenge is in a rural area.  Other than the resources at Amesbury 
Fire Station 1.5 miles away all other fire appliances will have to travel some distance and 
it will take 20 minutes for the next nearest resources to arrive.  It is reasonable to assume 
that for anything other than a minor fire incident in the tunnel, it could take anything up 
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to 30-40 minutes for the brigade to establish a safe system of work for firefighters to deal 
with the fire offensively. 
 
Fires in tunnels are considered abnormal risks and as such the Home Office Fire Depart-
ment, (Now the Office of the Deputy Prime Minister) considered it necessary to issue 
specific guidance in the form of Home Office Technical Bulletin 1/93 to advise Fire 
Authorities about the unusual risks that are presented by tunnel fires.  In light of recent 
tunnel fires this is now dated and there would be benefit in revisiting the guidance with 
regard to the lessons learned.  Never the less it advises Fire Authorities of the additional 
control measures necessary for dealing effectively with tunnel incidents and the inherent 
risks to be expected.  The author is currently reviewing the Technical Bulletin on behalf 
of Her Majesties Fire Inspectorate for consideration by CACFO (Chief & Assistant Chief 
Fire Officers Association) in March 2004. 
 
It should be noted that over 75% of Wiltshire Fire Brigades operational staff are Retained 
Firefighters.  These are dedicated part time Firefighters - extremely committed people, 
competent in dealing with most risks found in a rural County such as Wiltshire.   Retained 
firefighters, however, have limited opportunity for training (less than 2 Hours weekly) for 
them to meet the competencies required for all the types of incident they could be 
expected to attend.  Any significant additional training required to deal with incidents in 
tunnels would be impractical and difficult to achieve. 
 
The majority of firefighters on the PDA (pre-determined attendance) to an incident at the 
Stonehenge tunnel will be Retained Firefighters, to enable them to assess and deal with 
incidents effectively it will be necessary to carry out exercises prior to the tunnel opening 
and to have continued training and regular exercises to maintain their knowledge.  With 
the training time available, any training will be basic and will not provide them with 
sufficient knowledge or information to be equipped to deal with all incidents without 
appropriate supervision.  It will be imperative to design procedures that are concise, 
simple to initiate and effective.  The provision of Fire Suppression would assist in the 
development of safer procedures and safer systems of work. 
 
A tunnel without fire suppression would require additional specialist skills and equipment 
to deal effectively with fire incidents in the tunnel environment.  Wiltshire Fire Brigade is 
not funded to provide the specialist training or specialist equipment this type of risk 
would demand. 
 
SUMMARY 
 
Wiltshire Fire Brigade Recommendations to the Highways Agency 
Regarding the Proposed Stonehenge Tunnel 
 
That an Automatic water based fire suppression system be installed in the tunnel to: 
 

• Provide protection and additional time for people in the tunnel to escape. 

• Control the fire in its insipient stages, reducing the amount of smoke 
produced. 

• Wash heavier soot particles out of the smoke. 

• Reduce the potential heat output of the fire, prevent radiated heat and convec-
tion currents from spreading the fire to other vehicles and protect the infra-
structure of the tunnel from collapse. 
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• Continue to suppress the fire, providing the necessary control measures to 
allow firefighters to adopt a safe system of work to enter the tunnel and carry 
out offensive firefighting operations. 

• Protect the environment from exposure to the products of combustion that 
would be produced by a large uncontrolled fire. 

 

Wiltshire Fire Brigade Purpose Statement 
 

The Strategic aims of the Wiltshire and Swindon Fire Authority as stated in the Brigade 
service plan 2000 – 2006 are that the Authority should: 
 

• Reduce the number of fires and other hazardous incidents 

• Reduce the number and severity of casualties from fire and other hazardous 
emergencies. 

• Minimise the damage to resources and the environment arising from fires, 
other hazardous emergencies and firefighting procedures. 

• Develop the organisation and people to become a more effective and efficient 
Authority 

 
Only by advising on all these issues can Wiltshire Fire Brigade be secure in the know-
ledge that it has exercised its duty with regard to an appropriate level of integrated risk 
management planning in its effective contribution to the tunnel design & safety strategy 
for the proposed 2.1 Km Stonehenge tunnel. 

 
 

The Brigade has a duty to do this in order to: 
 

• To protect the people of Wiltshire & those transient through our county from 
fire and other hazards in the tunnel. 

• Provide adequate control measures to protect firefighters responding to and 
dealing with emergency tunnel incidents. 

• Protect the environment from harm from large uncontrolled fires. 

• Protect the tunnel structure its self and the business asset of the strategic road 
network it supports.   The road network the tunnel supports also provides 
vital routes for emergency services responding to remote villages and 
hamlets.  Deprivation of this route would put other people at risk in their 
homes with the increased travel times of emergency vehicles. 
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INTRODUCTION 
 
Several major, high profile and costly tunnel fires have taken place in Europe in the past 
years. They have resulted in significant loss of life (about 500 persons) and damage to the 
structures. The Channel Tunnel, Mont-Blanc, Tauern, Kaprun and Gotthard are examples 
of tunnels where accidents occurred due to fire, thus clearly indicating the inadequacy of 
current design procedures.  This is the main technical limitation of existing tunnels, from 
technological, methodological and from standards points of view. The costs incurred by 
the Channel Tunnel fire (in terms of repair costs and loss of business from lengthy closure 
of the tunnel) amounts to about 82 million Euros /European Commission 2003/.  
 
The risk of large fires is strongly connected to highly flammable, high combustible mass 
vehicles going through the tunnels. A reduction of the potential hazard can be achieved 
by either reducing the probability of accidents involving fire risk, reducing the hazard of 
vehicles and goods (both of which are outside the scope of Uptun) or by mitigating the 
consequences when a fire does occur. The use of mitigation systems –which comprise 
ventilation systems, suppression systems and compartmentation techniques, in tunnels 
raises several questions however. Ventilation systems, by far the best known mitigation 
systems in tunnels, continue to raise questions as to their ability to perform under condi-
tions of severe fires. The success of suppression systems is strongly connected to fire 
scenario, ventilation conditions and reliable detection. Established suppression techniques 
are usually developed for buildings and industrial applications, and are in general of 
limited use for tunnel application due to the restricted availability of suppression agent. 
Moreover, they incur high costs when transposed to the tunnel environment. More cost 
efficient solutions are required compared to traditional automatic systems. Recent 
developments in compartmentation (air or water screens, sometimes combined with 
flexible screens) have yet to be proven in a systematic way. In order to achieve innovative 
solutions, they have to be engineered and verified by laboratory tests in order to select the 
best and cost efficient solutions 
 
Objectives of the UPTUN project 
 
The UPTUN project main objects are: 
 
-     Development of innovative technologies where appropriate and where relevant 

comparing to and the assessment of existing technologies for tunnel application. 
Focus is on technologies in the areas of detection and monitoring, mitigating 
measures, influencing human response, and protection against structural damage. The 
main output is a set of innovative cost-effective technologies. 
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-     Development, demonstration and promotion of procedures for rational safety level 
evaluation, including decision support models; and knowledge transfer. The main 
output is a risk based evaluating and upgrading model. 

 
In order to achieve these objectives, a strong European consortium is build up covering 
all relevant expertise, with sufficient mass and impact to ensure adoption of UPTUN 
deliverables throughout Europe.  
 
UTPTUN has a strong focus on fire development and fire mitigation 
 
UPTUNs largest work package WP2, Fire Development and Mitigation Measures, aims 
primarily at developing cost efficient mitigation measures in case of fire in a tunnel. The 
focus of the work package is therefore on existing and innovative mitigating systems. In 
support of this objective, it aims at improving the necessary evaluation tools and at 
providing innovative new tools where appropriate. Specifically envisaged tools are the 
mathematical models and the appropriate design scenarios that enable the prediction of 
hazard conditions. The appropriate design will be based on statistical data and laboratory-
scale tests. By providing better knowledge about the fire and explosion hazards involved, 
design fire scenarios and acceptance criteria will be developed. Fire safety engineering 
provides the framework for this. 
 
Mitigation measures will be evaluated from current technology, and innovative cost 
efficient tools will be adapted and verified for tunnel use. The effects of mitigation on 
tunnel fires shall be evaluated for different ventilation regimes in terms of corresponding 
changes in heat release rate, temperatures, toxicity and visibility. Especially the hazards 
associated with Heavy Goods Vehicles (HGVs) need consideration in different tunnel 
environments since for these vehicles the uncertainty in associated design fire scenario is 
the largest. Fire propagation to neighbouring vehicles will be specifically considered 
since it has played a dominant role in the damage levels observed in previous incidents. 
All this is done to achieve safe and optimised cost efficient mitigation as function of 
design scenario and tunnel environment.  
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Figure 1 Flowchart of interaction between tasks in Work Package: Fire Develop-

ment and Mitigation Measures.   
 
Mitigation measures will be evaluated from current technology, and innovative cost 
efficient tools will be adapted and verified for tunnel use. Both road and rail tunnels will 
be considered. In order to meet the objectives, five tasks have been defined: 

 
Task:  Development of realistic design scenarios 
 he task will provide design fires for the project and especially for loading 

mitigation systems. Realistic design scenarios for the early stages of a fire 
will be developed, taking into account important factors affecting the 
development. (This task of UPTUN participated in the Runehamar tests 
studying fire development of HGV, involving UPTUN partners, SP, TNO 
and NBL. 

Task:  Define acceptance criteria  
 he task will provide acceptance criteria for fire effluence in tunnels. 

Necessary level of safety to be achieved by mitigation technologies will be 
suggested. They shall be used engineering recommendations to achieve 
optimised mitigation. 
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Task:  Evaluation of existing tunnels and current technology 
 he task will establish knowledge about the performance of current technolo-

gies and to provide a reference to be used under development and 
verification for innovative technologies.  

Task:  Develop new innovative technologies 
 he task will improve and to verify the efficiency of innovative fire mitigation 

systems in tunnels both as single systems and in combinations with several 
systems. Focus shall be given to cost efficiency. 

Task:  Engineering guidance and implementation 
 he task will identify parameters affecting the effect of mitigation and to pro-

vide guidance on how to design a reliable mitigation system and to predict 
the resulting achievements.   

 
Where currently available mitigation equipment is not suitable, alternative equipment will 
be developed and validated on bases of cost efficiency. In general, mitigation systems are 
not very suitable for tunnel related costs and availability of mitigation agents. Some 
countries in the Asian region sprinkler requirements apply for some tunnels. The installa-
tion is very costly and question asked about this is suitable /Stroeks, R, 2001/. The out-
standing of automatic mitigation systems in tunnels in general reflects this. Except for 
ventilation, no standards or international guidance for use of such systems for tunnels are 
available. Recently, after the restriction of use of Halon, a new concept by use of water 
mist in maritime use has made a large success. Some of these techniques may be appli-
cable for tunnels, especially in combination with other mitigation techniques. 
  
For tunnels where currently available mitigation equipment is not suitable, alternative 
tools will be suggested. A set of possible innovative technologies will be identified and 
engineered for mitigation. Innovative technologies will be optimised to increase the 
efficiency of mitigation in tunnel applications. This will be carried out to study the effects 
on suppression by ventilation, detection, evacuation and other safety measures important 
for any mitigation action. Development and design of innovative technologies and to 
arrange adaptation to tunnel environment: Technologies supplied from these partners will 
be studied: 
 

 Fogtec for high pressure water mist 
 Tyco suppression systems 
 Semco for high pressure water mist 
 APT, Water curtain 
 Lindstrand for compartitioning of tunnels in case of fire - inflatable tunnel plug 

 
The test will be carried at several test sites, cross-section from about 10m2 – 50m2, where 
the following fire parameters will be varied: 
 

 Fuel Type; Liquid pool fires and solid wood pallets 
 Heat Release rate; 5MW – 40MW 
 Venting velocity; 0m/s – 4m/s 

 
The fire scenarios are proposed to be a semi-enclosed pool simulation both a car fire with 
and without cover. Testing of cargo is proposed by wood pallets to represent a fire of 20-
40MW.  
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Mitigation of large fires in tunnels – what is possible with water based systems? 
 
Fires starting inside a tunnel will develop differently, depending on the availability of 
fuel, oxygen and the heat loss from the fire. In tunnels, the type of vehicle and the trans-
ported goods mainly defines the fire load. This fire load decides the maximum heat 
release rate. The tunnel volume forms the reservoir of oxygen together with a ventilation 
system. The tunnel size and the walls decide how the produced heat accumulates, and is 
influencing the damage potential of the fire.  
 
The available air volume is as we see influencing two important factors in fire develop-
ment, both the oxygen availability and the temperature development inside, /Wighus, 
2003/. A small fire inside a tunnel is approximately as an open fire. In most realistic 
cases, however, the fire is influenced significantly by the tunnel walls, both by trapping of 
smoke, accumulating heat and by recirculation of fire products into the combustion zone. 
 
Water based fire suppression systems released inside a tunnel with a fire induce droplet 
flow as a result of nozzle characteristics. The droplets will have a certain direction and a 
certain velocity, giving penetration ability into a fire plume or into the atmosphere. After 
the initial impact driven flow, gravity and drag forces takes over and determine the flow 
pattern of droplets. Small droplets tend to follow the air flow inside the tunnel, when 
larger droplets fall to the floor by gravity. Small droplets from a water mist nozzle have a 
large surface area, which interacts with hot gases in the tunnel. Convective heat transfer 
from hot gases to water cools the gases. In the temperature regime below the boiling point 
of water (100 °C at normal ambient pressure) evaporation of water takes place limited by 
the vapour pressure difference at the droplet surface. When the droplet reaches 100 °C, it 
evaporates only limited by the heat transferred to the droplet, since the saturation pressure 
of water vapour in air is the atmospheric pressure.  
 
The heat-up of droplets and droplet evaporation extracts heat from flames and smoke and 
produces water vapour, an inert gas. Evaporation represents the major heat extraction in 
this process, the heat of evaporation of water (2257 kJ/kg) is about 7 times more then the 
heat needed to raise the temperature of water from 10 °C to 100 °C.  
 
The presence of water droplets with a large surface area will represent a significant 
cooling factor to a fire and the fire products. Heat-up and evaporation of 1 kg of water 
can cool 15 m3 of air from 500 °C to 100 °C.  Figure  shows the mass of water needed to 
cool a volume of air from a certain temperature to 100 °C, and the compartment volume 
is varied from 500 m3 to 10000 m3

. The reason for the non-linear curves is the variation of 
air density with temperature.  
 
These theoretical average values do not represent the real situation for applied water 
based, systems, especially in larger volumes. However, for situations with fires that in-
volve large parts of the volume, the values are quite representative. This means that the 
smaller compartments, less than about 1500 m3, normally need less than 200 litres of 
water in total to create an inert vapour concentration, see Figure . In case of relatively air 
tight compartments with well stirred conditions, the theoretical values correspond well 
with experimentally obtained values. In the tests in turbine enclosures with a volume of 
70 m3 carried out by SINTEF in 1991 /Wighus, 1993/, the advised minimum design con-
centration of water was 0,1 kg/m3 for situation where fires were hit directly by the water 
mist sprays. 
 
To establish the efficiency of fire mitigation systems in tunnel fires, it is an important task 
to establish realistic flow of ventilation air and combustion products. To mitigate a fire 
efficiently, the possibility of recirculation the fire products into the combustion zone will 
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be a major topic to investigate, in order to fid the minimum supply of suppression agent 
(in practice: water).  
 

Mass of water needed to cool the volume to 100 °C
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Figure 2 Mass of water needed to cool volumes of different sizes and variable 

initial temperature provided that all the water is evaporated. 
 
In cases where fire extinguishing is not successful, a water based fire suppression system 
will significantly reduce temperature of fire effluents and reduce the fire size.  
 
In tunnel fire experiments, it is important to work with realistic fire scenarios. A 40 MW 
fire has been suggested as a typical test fire. This fire size will represent a severe fire in a 
tunnel, and the interaction between a fire of this size and a mitigation system is repre-
senting realistic flow and heat transfer conditions in the fire zone. If tests in this scale 
prove successful, extrapolation to larger fires should be possible by theoretical con-
siderations.  
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Mass of water needed to  inert the volume
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Figure 3 Amount of water needed to inert a volume provided evaporation of all 

water, and an inerting concentration of 30%. 
 
Test facilities available for mitigation test of UPTUN¨ 
 
Documentation of mitigation system is in general is very costly. Theoretical evaluation of 
systems are often very difficult due lack of accurate specifications of basic understanding 
on how mitigations systems interact with flames.   
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Figure 4 Runehamar long test tunnel (NPRA), cross-section of 50m2 and length of 

1650m (Norway. The tunnel is made in hard Gneiss type rock and it has a 
small slope 1%-3%). 

 
For maritime use of mitigation, only real-scale fire tests are accepted. If reliable docu-
mentation should be provided for tunnel, it has to be based on fire experimental work. 
Only full-scale tests will show how systems will perform. Smaller scale test is however, 
can be very useful supplement to large-scale tests. In UPTUN, there will be a combi-
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nation of scaled and real scale experiments. To carry out the tests, several test sites are 
available, DMT Figure 5, Aitemin Figure 6, If-sikkerhetssenter Figure 7 and Runehamar 
Figure 4 test tunnels. 
 
The scaled tests sites with DMT and Aitemin will be used for testing of safety equipment 
to be used in tunnels and to evaluate current mitigations systems.  
 
 

 
Figure 5 DMT tunnel tests site, underground installation with total length of 69m 

(Germany).  
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Figure 6 Aitemin tunnel test site, rock tunnel with total length of 100m (Spain). 
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Figure 7 IF-sikkerhetssenter (Hobel) test tunnel. The tunnel is made from concrete 

and placed above ground. It has a 50m2 cross-section and total length of 
100m (Norway). 

 
Instrumentation 
The instrumentation will be focused on measuring the heat release rate and the fire 
effluences down stream from the fire. Heat release rate will be measured by the oxygen 
depletion technique, which includes measuring of mass flow air and exhausted cases, 
humidity and oxygen concentration. Visibility in the smoke will be measured by light 
obscuration.  Thermocouples and heat radiation devices will measure thermal load and 
toxicity in terms of CO. 
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Figure 8 Instrumentation to be included in the UPTUN fire mitigation tests. 
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1. INTRODUCTION 
 
Tunnel fires pose not only a life safety threat for car or train passengers, but also cause 
severe damage to the tunnel lining and mechanical and electrical systems. The problems 
of difficult access due to heat and smoke logging make fire-fighting operations dangerous 
and slow. There is special concern about fires involving heavy goods vehicles, as it seems 
that the most disastrous real fires in tunnels often start at or involve a truck. 
 
Although the fire safety of tunnels has been recognised as a top priority issue, not much 
has been done in practice to provide any active fire safety measures in tunnels. There are 
no requirements for any fixed fire fighting systems in tunnels because so many technical 
and commercial problems would first need to be overcome. The present conceivable 
systems are simply not feasible for the purpose.  
 
A new HI-FOG water mist concept for tunnels is presented that would make the fixed fire 
fighting system a realistic option for improving the tunnel fire safety.  
 
 
2. PROBLEMS IN TUNNEL FIRE PROTECTION  
 
There are two major aspects – although closely related to each other – that make the 
design and actual construction of an efficient and feasible fixed fire fighting system for 
road or train tunnels so challenging: 
 
i. Ambient conditions in a tunnel – ventilation 
 
The tunnel conditions are always windy, either due to forced or natural ventilation. 
Typically, up to 5 m/s wind speeds may be measured in tunnels. The wind has two major 
drawbacks from the fire fighting point of view.  
 
− Hot smoke from the actual fire location is flowing quickly downstream so that the 

hottest points along the apex of the tunnel may be found far away from the fire. Any 
activation methods relying on heat detection are likely to give the first signal at a 
wrong location and fire fighting actions and agent would go wasted.  

 
 An extreme of the above is a system with individual heat-activated sprinklers. 

According to a CFD study (1 an 80 MW fire with 5 m/s ventilation rate activated a 
total of 139 sprinklers in less than 4 min, requiring a water flow rate of almost 14.000 
lpm.  
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− Not only hot smoke but also the suppression agent may travel along with the wind to 
wrong locations. The extent of the agent flow depends on its ability to withstand the 
wind and penetrate along the agent’s original spray direction. 

 
Contrary to some expectations, high-pressure water mist has been found to best penetrate 
against windy and turbulent conditions encountered in tunnels. This conclusion was 
drawn in the Eurotunnel project where conventional water spraying systems were 
compared to low and high pressure water mist. High-velocity water mist jets have more 
energy than traditional water spray nozzles for penetrating through wind flows. The good 
performance of the HI-FOG water mist system was verified also in a full-scale fire test 
series simulating the Eurotunnel conditions (2. 

 
Ventilation hence first makes it difficult to pinpoint the correct fire location, and even 
when the correct location is found, the suppression agent may be blown away.   

 
ii. Practical system considerations – dimensioning 
 
The simplest way to overcome the problems due to ventilation is to dimension the system 
for a sufficiently large area, so that it is likely to cover also the correct fire location. In 
practice, such a dimensioning is not possible. In the individual sprinkler case described 
above, the dimensioning should be done for a tunnel length of 200 m. The consequent 
requirements for the pumping capacity (14.000 lpm) and water supply (400 m3 for 30 min 
protection) would be beyond any reasonable limits. For tunnel lengths of the order of a 
few kilometres, the plain pipe sizes would end up to be so large that the installation is not 
feasible any more. 
 
 
3.  SOLUTION BY SOPHISTICATED DETECTION AND DELUGE 

SYSTEMS 
 
Research and development in the tunnel fire protection field has concentrated to large 
extent on more reliable detection systems that would not be affected by severe ventilation 
conditions. If the fire location is pinpointed correctly, the detection system can give a 
start signal that opens a whole deluge zone of an appropriate suppression system. With a 
suitable detection system the success of the process is then only up to the suppression 
system’s fire fighting capabilities in the windy conditions.  
 
The HI-FOG tunnel system can be designed as a zoned deluge system relying on a 
separate detection system. This is a simple solution: the HI-FOG system consists of open 
spray heads with protective caps that are blown away by the high pressure water mist jets 
(Figure 1).  
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Figure 1. HI-FOG open spray head with protective cap.  
 

The dimensioning of the system (zone length, number of zones) must be based on the 
expected accuracy of the detection system. Typically the minimum number of zones is 
two. The number of nozzle rows depends on the width of the tunnel as well as on the 
expected traffic load in the tunnel.  
 
With a zoned deluge system it is most likely that part of the suppression agent is wasted 
in wrong locations. Also, to keep the pipe sizes and pump units in reasonable sizes the 
fire fighting capacity may be compromised to an acceptable but not to the best achievable 
level.  
 
 
4. SOLUTION BY THE HI-FOG CONCEPT 
 
4.1 Principle of operation 
 
The more sophisticated HI-FOG system does not necessarily require any separate 
detection system, although such a system may be implemented, if desired. In both options 
the system can map the correct location of the fire, and the dimensioning area can be 
maintained within reasonable limits. The system operation is based on water mist curtains 
together with innovative components that prevent false activation of individual sprinklers. 
 
The principle of operation is described with the help of Figure 2. The components 
referred to are shown in Figures 1 and 3. Other components for different configurations 
are also available. In the present example no separate detection system is applied.  
 
In case of fire the sequence of events is the following:   
 
One or more of the bulb-activated pilot valves covering a detection length of, say 10 m, 
along the apex within zone A activates and hydraulically opens the relevant valve 
between the water line and the dry pipe pilot lines. The standby pressure in the water line 
is depleted and consequently the pumps start. 
 
The spray heads of the relevant water mist curtain start to discharge water and all the 
sprinklers in Zone A will get pre-activated, i.e. the protective caps will be released by the 
pilot line arrangement and the heat sensitive bulbs are now exposed. Sprinklers are ready 
to open.  
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If the zone is a false one, the curtain cools down the gases passing through and prevents 
further false zones activating downstream and very quickly – if not simultaneously – pilot 
valve(s) closer to the fire will open and Zone B in this example will be pre-activated. 
Soon the correct zone will be mapped, and the generated heat will start to open the 
sprinklers around the fire.  
 
For proper operation, the exact bulb ratings need to be considered on a project-specific 
basis as they depend on the ambient temperatures, expected wind speeds, tunnel height as 
well as the type and number of vehicles driving in the tunnel.  The system is designed to 
attack the fire at maximum available power at the right location. In total, there may be 
more zones pre-activated but the actual fire fighting attack is still concentrated close to 
the correct fire location. It is hence enough to dimension the system for a few curtains 
and, e.g. for one full zone instead of two or even three full zones as is typical for a deluge 
system. 
 
 

 
 
 

Figure 2. The HI-FOG concept: Principle of operation (patented). 
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Figure 3. Dedicated HI-FOG components for the tunnel concept (patented). 

Left: Bulb-activated pilot valve 
Middle: Automatic sprinkler with protective cap.  

Right: The sprinkler after activation – the cap has been removed after pressurising the 
pilot line and the bulb holder has been released at activation.  

 
It should be noted that – in contrast to unjustified claims in the field – a water mist curtain 
does not prevent SMOKE spread to any significant extent but it does cool down gases 
flowing through it, hence restricting the HEAT spread and making the conditions down-
stream more tenable. Upstream the conditions are always better than downstream, no 
matter what measures are taken to attack the fire. The water mist curtains in the HI-FOG 
concept are used to pinpoint the correct fire location and, hence, concentrate the fire 
fighting attack exactly there, where it is needed. The smoke spread will be reduced by 
suppressing the fire and affecting the smoke generation rate.  
 
4.2 Verification of the concept 
 
Several test series were conducted already early 1990’s for marine car deck applications 
to verify the suppression efficiency of HI-FOG systems against passenger vehicle and 
truck type fires. Later on, two major full-scale fire tests programs have been completed to 
confirm the full tunnel concept as well as the selection of components and installation 
parameters.  
 
The first full-scale fire test program was undertaken in 1999 at Darchem Flare facility, 
UK, to develop the design criteria for an on-board HI-FOG water mist system against fire 
in a heavy goods vehicle (HGV) in a railway tunnel environment (2. The conceptual 
design for the suppression system, and the setting of performance objectives for it, were 
based on the geometry of the Eurotunnel HGV carrier wagons and tunnel conditions. In 
the tests the test fire loads included dried wooden pallets and European plastic commodity 
stacked on a lorry trailer, and sides covered with combustible tarpaulins. 
 
The performance objectives for the fire protection system were the following: 

− prevent fire spread to adjacent vehicles 
− protect the tunnel and its infrastructure against destructive thermal damage and 
− mitigate conditions to extend time available for egress. 
  
Figure 4 shows a representative example of the tests. The results show how the fire was 
effectively suppressed shortly after activation. The HI-FOG system fulfilled all the 
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performance objectives, and the overall conclusion of the extensive test series was that 
the system is feasible to combat HGV fires in rail and highway tunnels. The design 
criteria for the system were also fixed for the application. 
 
Although the geometry in the Eurotunnel tests was different than in normal road tunnels 
the conceptual design is the same, and all the new components were developed first for 
the Eurotunnel application. 
 
The second fire test program was carried out in June 2002 in the test tunnel of the if… 
Fire & Safety Centre in Norway (3. The primary objective of the test series was to verify 
the full concept and observe the system’s thermal management capability in a road tunnel 
fire. For this purpose the test fire was so designed that it could not be suppressed but it 
was continuously burning and generating heat at a constant rate.  A concealed spray fire 
with the spray hitting hot metal plates at a close distance provided such a steady fire. 
 
The whole concept of zones and curtains as well as the operation of the new components 
was tested. Figure 5 shows the steady test fire and an example of the results in the 6 m 
high and 8 m wide tunnel. After activation the HI-FOG system cooled the temperatures at 
the apex above the fire down to 150 oC and along the apex some 20 m away from the fire 
below 50 oC. This was done with two curtains and only five sprinklers activated at the 
sides of the tunnel. One of the important conclusions of the test series was that the 
sprinkler option with sprinklers activated at full pressure close to the fire was the most 
effective solution, the deluge version with a lower pressure but more water in total did not 
improve the conditions to any considerable extent. Most of the deluge water was just 
wasted.  
 
At most, three curtains and six sprinklers out of the 16 in one zone activated with fires of 
max 8.5 MW (equals to 5 – 6 passenger cars (4).  At higher heat release rates more 
sprinklers are likely to operate but not beyond one full zone. The thermal management 
capacity is excellent and any thermal damages are restricted to a relatively close vicinity 
of the origin of the fire - as was also indicated by the CFD calculations (1.  
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a) Test fire before HI-FOG activation.          b) Temperature curves at the adjacent wagon 
show immediate suppression 

after    
activation of the HI-FOG 

system. 
 

i

 
 

c) Damages show how the fire spread was effectively stopped even within the ignited 
wagon. 

 

Figure 4. Eurotunnel suppression test with EUR standard plastic commodities as the fire 
load. 

In general, it was concluded that the correct zone was quickly pre-activated, no false 
sprinklers activated, and the temperatures were cooled down and maintained at acceptable 
levels even with the constant heat release rate. 
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a) The steady burning test fire. 
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b) Temperature curves during steady burning (no suppression) with and without the HI-
FOG system activated (two curtains + 5 sprinklers at the sides of the tunnel) 

 
Figure 5. if… thermal management test with constant heat release rate. 
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5. SUMMARY 
 
The basic philosophy behind the HI-FOG approach for tunnel protection is to make the 
system feasible both technically and commercially. The system must be truly a realistic 
option before anybody would seriously start considering a fixed fire fighting system for, 
say, a 5 km long tunnel.  
 
The HI-FOG system is easy to install, the dimensioning is within reasonable limits and it 
increases extensively the fire safety level in tunnels by 

− focusing the full pump capacity on the fire location  
− containing the fire close to its origin 
− minimising the fire damage to the tunnel and its infrastructure 
− providing more tenable conditions for evacuation 
− providing easier access for fire brigades. 
 
HI-FOG is a registered trademark of Marioff Corporation Oy. The HI-FOG products, 
including the tunnel components and concept, are protected worldwide by over 1000 
patents and patent applications.  
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