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PREFACE 

 
 
Ladies and Gentlemen, dear Participants, 
 
This conference series started in 2002in order to provide a forum for information exchange 
among operators, users, technicians, scientists and companies involved in the design, 
construction and equipping of road and rail tunnels. The success of the 2002 conference led to 
the organization of biennial follow up meetings. 
 
While the first conferences were strongly influenced by the tunnel incidents of the late 1990’s 
and related safety issues, nowadays road tunnel operation, the conflict between the needs for 
upgrading existing road tunnels and requirements given in a legal framework dominate. With 
the introduction of vehicles propelled by new energy carriers (NEC) new challenges for tunnel 
safety popped up. Especially the management and handling of fires with battery electric 
vehicles and hydrogen vehicles require attention and research into these issues is still going on. 
 
Road traffic is increasing, at both a national as well as an international level. Thus, while in 
densely populated areas there is much greater demand for sub-surface transportation, in rural 
areas there is an increasing need to upgrade the road infrastructure. The upgrading process 
constitutes a big challenge in practice, as – in contrast to new tunnel construction – several 
prevailing structures and systems act as constraints and have to be taken into consideration in 
planning. There is also the additional need to ensure that traffic flow can be maintained 
throughout the construction period.  
 
Investments in rail traffic in Austria resulted in the construction of three major rail tunnel. While 
the construction of the tracks and electrical installations is already underway in the 38 km long 
Koralm Tunnel, the breakthrough of the first tube in the Semmering Base Tunnel (28 km) is 
expected in mid-May 2022 and the second tube in autumn 2022. The Brenner Base tunnel with 
55 km connects Austria and Italy, construction is in progress. These projects exhibit, based on 
their history and complexity, very high requirements and challenges for all parties involved in 
construction and operation. 
 
The question of tunnel safety is a highly controversial field. It is often claimed that several new 
techniques are now on the market and that these can help improve safety due to quicker and 
more reliable detection, more efficient installations and/or additional equipment. However, 
such ‘improvements’ often result in significant increases in complexity, as well as in the cost 
of operation and maintenance of the new safety equipment.  
 
This conference wouldn’t be the “Graz” conference without the related exhibition. Many 
companies have put a lot of effort into presenting their latest developments and technologies. 
Conference participants now have the chance to get into contact with leading companies in the 
electro-mechanical tunnel business, to establish new contacts, and also to strengthen existing 
ones. 
 
Another exciting and distinguishing aspect of the “Graz” conference is the accompanying 
technical visit. After many years of negotiations concerning financing, legal aspects, and finally 
it’s erection, the research center “ZaB - Zentrum am Berg” is now under operation in a dedicated 
part of the Styrian Erzberg (an open-pit iron mine in operation since the 11th century). Trainings 
of first responders to tunnel incidents are also part of the daily business, as well as research in 
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mining and construction of tunnels. A special focus is on full scale fire tests for system 
development and tunnel safety related issues. The visit of the ZaB in the framework of the 
conference contains a tour to the new tunnel tubes currently under construction followed by fire 
tests. 
 
We wish to extend a special thank you to our scientific committee for its valuable work in 
defining the objectives of this conference, and in selecting the presentations. 
 
We also extend our professional thanks to the authors for their hard work in preparing abstracts, 
papers, posters, and of course their presentations. 
 
And finally, we wish to offer our sincere thanks to all the people in the background who have 
been working to ensure that this will be a smooth, enjoyable and effective conference for us all. 
 
After holding the last conference as a virtual event and missing all positive effects of face to 
face meetings, I hope that this years’ conference will build on the very successful events of the 
pre-Corona years. It is my pleasure to welcome you all on behalf of the conference scientific 
committee and to wish you all a successful meeting and a sound basis for fertile networking in 
the future. 
 
 
 
Peter J. Sturm  
 
 
Graz, May 2022 
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TUNNEL VENTILATION AND SAFETY, 10 CONFERENCES – THE 
STORY SO FAR 

Peter Sturm  
Graz University of Technology, A 

1. BACKGROUND
Austria’s topography presents a major challenge when attempting to establish an efficient 
transport network. For most of the past, routes traversing mountain ranges were time consuming 
and dangerous. Traffic and civil engineers thus started early on to focus on the possibility of 
tunnels. In the east of the country, in 1854, the first mountain railway with a standard gauge 
track, and gradients of up to 2.5%, was built to cross the Semmering Mountain range and to 
provide a rail link from Vienna to the Mediterranean region. A total of 14 tunnels and 16 
viaducts had to be constructed in very difficult terrain. Looking to the west of Austria, the 
Arlberg massif is the main obstacle between the regions of Tirol and Vorarlberg. Here, an 11 
km long rail tunnel was constructed as early as 1884. Between these two ends of Austria, a 
number of long railway tunnels pass through the Alps in a north-south direction. In the 1970s, 
the strong increase in road traffic and goods transport required the construction of various long 
road tunnels. The Tauern tunnel (length 6.5 km) and the Katschberg tunnel (5.9 km) were both 
opened in 1975, the 14 km long Arlberg road tunnel – running almost in parallel to the rail 
tunnel – was opened in 1978. These are only a few of the many long tunnels now in existence. 
Almost all of them originally operated using a counter-flow system. This poses a major 
challenge in terms of fresh air supply and the maintenance of in-tunnel air quality needed to 
allow for safe tunnel passage. Owing to the relatively high vehicle-specific CO emissions at the 
time, many of the tunnels were equipped with a transverse ventilation system. The first tunnel 
with a full transverse ventilation system in Austria was opened in 1958 (Dürnstein tunnel). In 
all of these tunnels the design chosen had to ensure a tenable environment for users. 
Today, as a result of such a long history, Austrian engineers are well-known experts, not only 
in tunnel construction, but also in the design of the electro-mechanical systems needed in tunnel 
operation. Currently, more than 165 tunnels are in operation within the Austrian highway 
network and roughly the same number in the secondary road network. The technological 
standard is very high and often taken as a benchmark for projects in other countries. Safety 
standards are also second to none. Even though in the last 15 years the number of tunnel km 
driven has increased almost by a factor of 5, the number of fatalities due to tunnel incidents has 
fallen from 18 to 5 per year.  

2. THE ROLE OF THE HOST INSTITUTE AT GRAZ UNIVERSITY OF
TECHNOLOGY IN TUNNEL VENTILATION AND SAFETY

The design of tunnel ventilation systems requires extensive knowledge in aerodynamics, 
thermodynamics, and in the emission behaviour of vehicles propelled by internal combustion 
engines. As the Institute for Internal Combustion Engines and Thermodynamics (IVT)1 at Graz 
University of Technology (TUG) has provided just such a combination of knowledge for 
several decades, it should come as no surprise that the institute has been at the centre of such 

1 Since January 1st 2022 Institute of Thermodynamics and Sustainable Propulsion Systems (ITnA) 

DOI: 10.3217/978-3-85125-883-7-01
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research questions for already a considerable time. The tunnel-related research topics dealt with 
at ITnA can be split into the following areas of research: 

 Investigation of fresh air requirement due to vehicle emissions 
 Thermo- and aerodynamics 
 Ventilation control strategy 
 Environmental topics related to road and rail tunnels 

2.1. Fresh air requirement due to vehicle emissions 
Airborne pollutants from internal combustion engines have always been a major topic in engine 
development. For decades, emission measurements were only performed on a stationary test 
bed. However, it was well-known that this did not represent the emission behaviour of vehicles 
in road tunnels. Thus, from the late 1960s onwards, a major effort was made to measure carbon 
monoxide concentration and visibility in road tunnels, and to relate this to vehicle emissions 
[1][2]. The growing share of heavy goods vehicles in road tunnels over the years meant that the 
issue of particle/soot emissions, and of visibility, gained more and more in priority. Intense 
work was thus undertaken in order to investigate the correlation between particle concentration 
in tunnel air and light extinction [3][4]. Subsequent co-operation with Switzerland and 
Germany meant that the work could be extended in order to get a broader view of the impact of 
variations in vehicle fleet, and to gain a better understanding of the influence of altitude on 
vehicle emissions [6]. 
Such work, for the most part driven by our institute, was subject to a continual process of 
updating concerning new developments in vehicle technology and measurements of real-world 
emissions. This work resulted in the well-known emission factor database for calculation for 
road tunnel air demand, published by PIARC [9][10][12][13][14]. 
2.2. Thermo- and aerodynamics 
Ventilation design is based on the application of aerodynamics, combined with empirically-
gained knowledge. The possibility of a tunnel fire obviously requires the inclusion of various 
matters related to thermodynamics. From very early on, a tunnel fire was perceived as 
presenting a major source of risk for tunnel users, and appropriate tests were performed as early 
as the 1960s [15]. In Austria, a relatively large fire experiment was performed in 1974/75 in the 
Zwenbergtunnel, an abandoned railway tunnel which was upgraded to a road tunnel test facility 
with a full transverse ventilation system. For a long time, such tests served as a benchmark in 
investigations of tunnel smoke propagation and the impact of the different ventilation strategies 
[7][8]. In 1978, the report ‘Conception of Ventilation Systems for Road Tunnels’, was 
published. This report was the starting point for the development of Austrian guidelines for 
tunnel ventilation. With respect to research on full-scale fires, the EUREKA 499 FIRETUN 
project, from 1990 to 1995, represented a further milestone. Multiple fire experiments were 
performed in the Repafjord in Norway [16][17]. Here, ITnA provided measurement technique. 
While fire tests in tunnels continued to remain a core area of research, the focus slowly shifted 
more towards smoke propagation and smoke management. In 2017 full-scale fire tests with heat 
release rates up to 21 MW were performed in the Koralm rail tunnel. This was done in order to 
investigate smoke propagation in the region of cross passages, and to assess the most efficient 
measures needed to keep egress ways smoke-free [18]. Current research now focuses on the 
combustion behaviour of battery electric vehicles in tunnels.  
2.3. Ventilation design and ventilation control strategy 
Ventilation design and operation is strongly related to the associated control strategy. While the 
ventilation strategy is clear under conditions of normal operation, i.e. the need to maintain in-
tunnel air quality through sufficient ventilation – a different strategy is required in cases of fire. 
For example, achieving critical velocity in order to avoid backlayering represents one possible 
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strategy, and maintaining a controlled velocity (at lower speeds) to support self-rescue, 
represents another. These strategies are mainly relevant for longitudinally ventilated tunnels. In 
transverse ventilation systems smoke is extracted via the return air duct. However, the big fires 
in the Mt. Blanc and the Tauerntunnel in the late 1990s totally changed the prevailing 
ventilation philosophy for transverse ventilated tunnels. Instead of extracting smoke over a 
series of small openings in the false ceiling between traffic room and return air duct, massive 
point extraction systems with remotely controlled dampers and large cross sections were 
introduced [19]. This also made it necessary to introduce closed loop control systems into 
ventilation control. One of the first fully automatic closed loop ventilation systems was 
developed in 2003 by IVT for the 10 km long, fully transverse ventilated Plabutsch tunnel in 
Graz, Austria [20]. These systems subsequently became state of the art in tunnel ventilation 
control. Despite such advances, the associated increase in complexity with respect to sensor 
technique and control mechanisms requires intense research in optimizing methods for system 
tests, especially in the case of complex road tunnels. As a result of such new developments, 
IVT now focuses strongly on ventilation control and system tests [21] [22] [27].  
The institute is a sought-after partner when it comes to solving complex tasks in the area of 
tunnel ventilation design. This is especially true when aging tunnel systems are to be upgraded 
to the latest safety standards. Requirements that were once state of the art, are no longer 
acceptable today. In particular, today's higher traffic volume now means that much higher fire 
loads have to be taken into account. The extraction of any fire gases that may occur requires a 
completely different approach. However, this also requires a change in the mechanical 
equipment that is now required to control the tunnel airflows. As part of the renovation of 
transverse-ventilated tunnel systems, a system was developed with targeted fresh air injection 
using air momentum.  This was first used in the Katschberg tunnel in 2010 and is now often 
used in all long tunnels with full transverse ventilation systems [23]. Refurbishment of the 
ventilation system in the Arlberg tunnel was particularly challenging. In addition to the 
necessary ventilation requirements, the supply air duct also had to be used as an escape route. 
This project required the combined use of fresh air impulse dampers and jet fans in order to 
meet the most advanced requirements with regard to ventilation and smoke evacuation [24]. In 
order to better understand the efficiency losses of jet fans, and to improve related installation 
factors [25], intense work was performed based on full-scale experiments, and supplemented 
with detailed CFD simulations. This work showed that the widely used installation factors 
based on the work of Kempf [26] clearly underestimated jet fan efficiency loss. 
2.4. Environmental topics related to road and rail tunnels 
The interface between emissions from transport and their effects on the environment has always 
been a key focus of research at IVT. What applies to the environment, naturally applies also to 
tunnels. Two aspects require particular consideration. One is the tunnel air itself, and the other, 
the effects resulting from polluted tunnel air. 
When considering in-tunnel air quality, the main pollutants are carbon monoxide, nitrogen 
oxides and soot. Treatment of tunnel air may be one means of improving in-tunnel air quality 
and/or minimizing the negative effects of tunnel air upon the environment. In 1990 the IVT 
started field tests in various tunnels in Austria in order to investigate filtration of dust/aerosols 
and airborne pollutants. These tests lasted over a decade and are still ongoing, albeit on a smaller 
scale. Electrostatic dust filters as well as catalytic and biogenic treatment of airborne gases were 
investigated. Although some positive results were found, in general tunnel air treatment proved 
not feasible except for special applications (mainly PM filters) [28][29][30][31]. 
The dispersion of tunnel-generated pollution is a further area of research. This has mainly to be 
considered for city tunnels or for portal or stack locations in close proximity to built-up areas. 
In the 1980s, IVT started to investigate this topic in detail. As simple dispersion models failed 
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to correctly model the dispersion of the tunnel jet wind, model tests were performed to simulate 
the interaction between portal air and built-up areas [32]. Such wind tunnel tests supplemented 
by full-scale experiments at tunnel portals were then used to validate first generation CFD 
models for applications in ambient air [33][34][35]. Based on all these experimental data, and 
supported by other international research, a numerical code, called GRAL, was eventually 
developed. This was designed to model pollution dispersion from low level sources like road 
traffic, tunnel portals and stacks [36][37]. This software code has since become state of the art 
in dispersion modelling of airborne pollution in complex terrain [38]. 

3. THE CONFERENCES  
Graz University of Technology, together with the Mining University in Leoben, has always 
been a focal point for knowledge exchange in tunnel construction. That it has also become a 
focal point with respect to research on tunnel equipment, operation and safety, is thus no 
surprise. Based on IVT’s long history of experience in tunnel ventilation and tunnel safety, a 
decision was made in 2002 - following upon the almost revolutionary changes in tunnel safety 
arising from the fires of the late 1990s - to organize a small venue for information exchange 
within the Alpine countries. The resulting conference was hosted on the campus of the 
university and attracted almost 150 persons, mainly from Europe, but also with a noticeable 
overseas contingent. As a result of the positive feedback from this initial event, a second 
meeting was organized two years later. This latter event even included a small trade fair. By 
2004, the event already had so many participants that it had outgrown campus facilities. A 
decision was therefore made to organise the conference biannually and to move to a more 
suitable off-campus venue. The next event was held in the Graz Congress Centre but once again, 
due to the growing demand for space, had to be moved to the Messecongress Graz. While the 
initial conferences were strongly related to road tunnels, the later ones had already begun to 
shift their focus more towards the requirements and safety issues concerning long trans-Alpine 
and sub-sea rail tunnels. 
The following section is intended to point out several highlights from past conferences, 
covering, amongst other things, both the successful and the less successful innovations in tunnel 
safety. All conference papers can be downloaded from www.tunnel-graz.at/archive. 
 
3.1. Conference 2002 
The fires in the Mt. Blanc and Tauern tunnel, together with their consequences, had a major 
impact on the conference in 2002. The subsequent rise in public awareness concerning tunnel 
fires has also had a significant impact on activities in the field of tunnel safety. It is worth 
mentioning, however, that this problem was not at all new to safety experts. Various 
contributions in the 2002 conference proceedings refer to the 1999 PIARC report, Fire and 
Smoke Control in Road Tunnels [11], which was, and still is, a crucial reference point for many 
activities in this area. At the time, there was a definite change of opinion among several 
decision-makers regarding potential problems and solutions. 
There were also far-reaching consequences with respect to tunnel safety equipment. This is 
illustrated in the presentations concerning the new directives in Austria and Switzerland. In 
particular, the new design of the ventilation systems helped to achieve a breakthrough in terms 
of the acceptability of massive smoke extraction in long tunnels, and as a result, remote-
controlled smoke extraction dampers have since become state of the art in tunnels with a 
transverse ventilation system. 
Various presentations on theoretical and numerical work (smoke behaviour, escape behaviour) 
as well as practical work (tests, component development) provided a new basis for the design 
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of the requisite installations. For example, the article by Rudolf Hörhan, emphasized the need 
to allow for interaction between the different safety systems. Several articles underlined the 
necessity of tests, pointing to existing uncertainties in the theoretical considerations, as well as 
the need for maintenance and servicing of the more complex systems.  
One presentation even dealt with qualitative risk assessments, using the new ventilation design 
for the Tauern Tunnel as an example. Arnold Dix emphasized legal aspects, and the importance 
of clear documentation in the implementation of new systems. He foresaw the impact of 
increasingly complex systems and pointed to the acute problems that can arise at the interface 
between design and operations, when, for example, an innovative engineer and a high-
performing maintenance worker must work together. The problem of quantifying the 
effectiveness of safety measures was pinpointed and a warning was voiced concerning the 
possibility of confusing low probability/high consequence events with successful risk 
reduction.  
3.2. Conference 2004  
The catastrophic tunnel fires that had occurred in the late 1990s continued to exert an influence 
on the second conference in 2004. Hence, a majority of the papers presented dealt with issues 
concerning optimized ventilation and smoke control strategies, new generations of incident 
detection systems, and methods for assessing tunnel safety.  
A highlight of the conference was the presentation of the first closed loop ventilation control 
system. This system was installed in the 10 km long twin-tube Plabutsch tunnel (Almbauer, 
Waltl). The tunnel was equipped with a full transverse ventilation system and the ventilation 
control system was designed to manage up to 12 axial fans per tube in parallel. Fire tests 
confirmed that the system worked but also revealed that problems may arise when important 
sensors react too slowly or malfunction.  
In one presentation, John Day addressed the discrepancy that often exists concerning the effort 
made to reduce the effects of tunnel fires and the unpredictable behaviour of tunnel users. He 
highlighted the growing gap between the costs of training tunnel users and the costs of 
improving safety installations. He concluded that the most cost-efficient option would be 
improving the behaviour of tunnel users and the weakest one is to invest in additional safety 
systems. 
3.3. Conference 2006 
The 3rd conference in 2006 was strongly influenced by topics such as video detection and 
incident management, with particular focus on the early detection of incidents and on 
establishing a well designed management system. A further focus was on the usage of fixed fire 
fighting systems (FFFS). While papers from Australia (A. Irvin) dealt with deluge systems, 
high water mist systems were also presented for use in road tunnel applications (S. Kratzmeir, 
G. Reichsthaler), and implementations of fixed water shield systems in Japan (R. Amano) were 
also discussed. The PIARC position with respect to FFFS was presented by A. Haack. The 
safety issues in operation were complemented by presentations concerning a broad range of 
topics dealing with issues such as sudden wind shield fogging, safe cabling systems, and as a 
novelty, data security in the ethernet network. 
3.4. Conference 2008 
In 2008 the focus was placed on differentiating between theoretical simplifications and the 
reality of tunnel operating requirements. Of particular interest were papers exploring the 
difference between actual human behaviour and model simplification, as well as those covering 
the challenges pertaining to refurbishments and emerging technologies in incident detection. 
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Of particular note was the paper by Porizek, Zaparka and Ferkl. Their paper “Ventilation 
Control of the Blanka Tunnel: A mathematical programming approach” described the use of 
model-based predictive controllers that adapt to changes in operational conditions in real time, 
and thereby optimise system performance in terms of both safety and energy consumption. The 
level of complexity revealed in their case study on the Blanka Tunnel was sufficient to 
demonstrate that their proposed methodology was well-suited to real world application. The 
pragmatic evidence they presented clearly demonstrated that such emerging techniques can be 
quite useful in practice, and need not be confined to the realm of theory.  
Their proposed technique now forms part of the intellectual framework that is being developed 
for the optimisation of tunnel systems using artificial intelligence. Their 2008 contribution may 
thus quite legitimately be regarded as an especially significant paper. 
3.5. Conference 2010 
The 5th Conference took place in 2010. The conference topics continued to be heavily 
influenced by ventilation and detection problems. Ventilation as a safety feature has been 
featured in several papers reflecting the changes brought about by the major fire events of the 
past decade. Franz Zumsteg pointed out that many of the most drastic changes in tunnel 
ventilation that have been proposed in recent years have already become more or less a matter 
of course. However, since many new ideas are based on predictions, and since predictions are 
fraught with uncertainty, it is important to remain critical lest we fall under the illusion that 
most incidents are relatively easy to deal with. 
Many of the systems presented at this conference have now become state of the art, e.g. sensor 
technology in relation to incident detection, recognition of hazmat in tunnels, and detection of 
thermal problems in heavy goods vehicles before entering a tunnel. A very interesting paper 
about the usage of incident information and safety systems by tunnel users was presented by 
Günter Rattei from the Austrian highway operator ASFINAG. He showed quite clearly that 
automatic detection systems, e.g. linear heat detectors, video systems etc. are really quite 
efficient, while, in contrast, all the possibilities available to tunnel users, such as emergency 
phones, emergency call buttons etc. failed to have the desired effect.  
A further cornerstone of the conference was the topic of fixed fire fighting systems, such as 
deluge, or high-pressure water mist systems. While some papers covered different installations 
and system acceptance tests, the paper of Arnold Dix concerning, from a legal point of view, 
the review of the Burnley fire accident (AUS), also demonstrated the positive effect of such a 
system. 
The closing paper by John Day brought the participants of the conference back to reality. He 
clearly pointed out that ‘equipping a tunnel with each and every safety measure does not mean 
that the tunnel is safe’. He further demanded that ‘a minimum level of operating safety measures 
should be determined for each tunnel and the tunnel should be closed when that level is not 
achieved’. This requirement is now generally accepted, even though it causes severe problems 
for tunnel operators as they need to keep the tunnel under operation as long as possible.  
3.6. Conference 2012 
In 2012 risk assessment was a hot topic. Papers looked at the topic from a number of different 
perspectives, and the application of risk assessment tools was subjected to considerable critical 
analysis. The paper by Berhard Kohl demonstrated that a risk analysis can provide a solid basis 
for safety-relevant decisions in tunnel design and operation. However, risk analysis is only one 
of a variety of aspects which have to be included in a decision-making process. Discussion in 
this area was completed by looking at applications of QAR for complex tunnel systems (R. 
Brandt) and galleries (G. Mayer).  
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A further key aspect in this conference concerned rail tunnels. Here, several complementary 
contributions were made, concerning, for example, the ventilation system of the new 
Semmering Base Tunnel in Austria (G. Gobiet), selected topics from Russia (S. Gendler), and 
the safety concept for the Crossrail in London (Y. Ting). Finally, Franz Zumsteg pointed out 
that, particularly where short, steep road tunnels are concerned, improvements in escape 
possibilities are much more important than any additional technical safety installation. 
3.7. Conference 2014 
The 2014 symposium covered a broad range of high-quality papers. Ever stricter regulatory 
requirements for ventilation control in normal and incident tunnel operating mode, call for 
complex control mechanisms. As soon as these requirements have to be applied in complex 
tunnel systems with multiple on/off ramps and connections to other tunnels, control system 
complexity increases non-linearly. This then requires significant and time-consuming on-site 
testing in order to adjust the control systems. L. Elertson demonstrated how such systems can 
be successfully applied and tested, taking the Norra Länken in Stockholm as an example. T. 
Aralt gave an overview of the future needs of automated response systems, based on the 
requirements for the Bergen Control Center in Norway, which is responsible for monitoring 
more than 250 tunnels.  
Another focus was on the refurbishment of tunnels and tunnel infrastructure. Upgrading of 
relatively old tunnels means that, in most cases, project-specific solutions are needed in order 
to meet modern tunnel requirements. M. Bacher demonstrated the cornerstones entailed in the 
upgrading of the 14 km long Arlberg Tunnel (A), where the fresh air duct of the transverse 
ventilation system has to be used as an egress way, and a combination of Saccardo nozzles and 
jet fans are employed to overcome the large pressure differences acting between the portals. 
Discussion of refurbishment work in Spain (F. Portugues) as well as of the usage of water-based 
FFFS as passive protection systems (R. Rothe, M. Lakkonen, A. Wierer) complemented the 
topic.  
A very critical paper by C. Stacey, concerning the controversial topics of fire, risk and project 
governance, as well as a presentation by R. Brandt on ‘the four elements of tunnel safety’ served 
to round off the conference. 
3.8. Conference 2016  
The 2016 meeting provided the usual collection of content-rich papers. This conference saw 
studies on the consequences of false alarms, intended as an incentive for stimulating 
advancements in sensors (Sakaguchi et al), and leading to an LHD signal processing paper in 
2018. Traxler et al explained how AI might be applied in order to reduce the occurrence of false 
alarms. 
For anyone involved in even slightly complicated tunnel projects, there were six interesting 
papers on control design, testing, and simulation of tunnel ventilation, which together, still form 
quite a valuable resource. 
In addition, there was some great information on motorist responses to emergencies, from 
Japan, Germany and Austria. 
And there was also good design information on jet fan performance, lighting efficiency, and 
the use of the PIARC emission data. 
3.9. Conference 2018  
The 9th conference focused on the big rail tunnel projects currently under construction in 
Austria. The Koralm Tunnel (KAT, 33 km), and the Semmering Base Tunnel (SBT, 28 km), 
are the core parts of the new Baltic – Adriatic Rail Corridor. The tunnels are to go into operation 
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in 2026 and 2027, respectively. In the KAT, large-scale fire tests were carried out up to a 
maximum heat release rate of 21 MW in order to examine the spread of smoke in the tunnel. 
With cross-passage equipment reduced to a minimum, it was possible to prove that the over-
pressure ventilation of the safe tunnel tube is sufficient to prevent smoke from entering the cross 
passage. Further investigations looked at the thermal management necessary for maintaining 
acceptable temperatures inside the utility rooms, so as to support operation and communication 
purposes. Such utility rooms are located at every 500 m inside the tunnel. They require a lot of 
electrical energy and produce remarkable amounts of waste heat. As the rock temperature can 
go up to 36°C, a cost-efficient cooling system is essential. Furthermore, it was demonstrated 
that the effects of climate change also need to be considered as increasing ambient temperatures 
strongly reduce the scope of using ventilation for cooling.  
One further challenging presentation concerned the usage of a sound-based incident detection 
system in road tunnels. The so-called AKUT system was introduced some 8 years ago into 
Austrian tunnels (after 8 years of research and development) and has now become almost 
standard in road tunnels. The period of its permanent operation has revealed that the system 
provides the fastest identification of a tunnel incident, and that it exhibits a very low failure 
rate. 
3.10. Conference 2020 
A celebration was planned for the 10th Tunnel Safety and Ventilation Conference in April of 
2020.  Then COVID-19 happened and all of the event preparation was lost.  The conference 
venue and social events had been booked but had to be cancelled and ultimately the 2020 
conference became a virtual event. 
In spite of the challenges faced in 2020, the conference was a strong technical success. 
Published papers and presentations included advances in the state-of-the art in alternative fueled 
vehicles, critical velocity and safety of rail transport of dangerous goods through tunnels. 
Specifically, battery and fuel cell vehicles were demonstrated to be as safe as gasoline and 
diesel driven vehicles and an intense discussion on critical velocity has led to a detailed re-
examination of the topic. 
While we all missed the networking opportunities and the trade exhibition in 2020, the 
conference was a great success, both interesting and informative. 
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ROAD INFRASTRUCTURE AND SUSTAINABILITY – HOW DOES IT FIT 
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1. ROAD INFRASTRUCUTRE AND SUSTAINABILITY – HOW DOES IT FIT
TOGETHER?

The Austrian high-level road network, consisting of 2249 km of motorways and speedways, is 
part of the “veins” of Austria and connects the biggest cities and centers of Austria with efficient 
and fast mobility paths. The responsibility for planning, constructing and maintaining the high-
level road network lies within the ASFINAG Construction Management Company. It had to 
continuously adapt to the ever-changing environmental protection and safety requirements. The 
overall system can only endure by balancing all three pillars of sustainability – ecology, society 
and economy. Continuous development and improvement are a prerequisite for keeping the 
balance. 

Ecology 

In the 60ies, it was state of the art to build high-level roads without noise barriers, water 
protection systems or retention systems – nowadays all of the aforementioned protective 
measures are included in the high-level road network, supplemented by further measures such 
as traffic guidance systems, roadside greenery and compensation areas. 

ASFINAGs compensation areas are made up of high-quality nature conservation compensation 
areas, wooded areas along embankments as well as mowing and meadow areas. 

In the future, the high-level network will also include e-charging infrastructure and different 
installation for own energy production. Until 2030 ASFINAG aims to cover its own electricity 
requirements with its own energy production. To reach this goal, the company’s overall power 
consumption additionally needs to fall by 20%. 

Society 

The ASFIANG road network is being equipped with an increasing number of intermodal 
transfer points – e.g. Park & Drive facilities. Intermodality stands for the interweaving and 
interlocking of modes of transport, not only considering the car as the sole means of 
transportation. To make the best use of intermodal transfer points, ASFINAG’s customers need 
to have a precise overview of all transport carriers, in order to make an informed decisions when 
it comes to choosing the mode of transportation. All relevant data is already being bundled via 
the VAO (Verkehrsauskunft Österreich), the Austrian Traffic Information Platform. 

Economy 

Investments in the Austrian high-level road network have positive effects on the job market. 
An optimized infrastructure system also reduces the price of transportation and provides better 
connections for neighboring markets and regions. In the following 6 years, the ASFINAG 
Construction Management Company will invest approximately 7 billion EUR in maintaining 
and optimizing the existing network and facilities – with a focus on responsible construction.   
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In many areas, innovative construction methods are being carried out in order to improve the 
existing network. This includes CO2-reduced concrete, high recycling rates and sustainable 
logistics concepts. Additionally, ASFINAG is working with alternative contract models, eco-
social procurement criteria and digital construction methods and tools. 

With proactive and innovative solutions, ASFINAG plays an active part of the transition to 
sustainable mobility in Austria and, together with its partners, enables mobility for generations. 

Aspects and Challenges of Tunnel Safety 

The Road Tunnel Safety Act applies to all 166 tunnel structures in Austria. It aims to achieve a 
constant and high level of safety for all road tunnels in Austria. Implementing and upholding 
this law is a top priority for ASFINAG.  

Tunnel safety can be categorized in the following three areas: 

- Safety of people 
- Operational stability 
- Data protection and information security 

The safety of people is the top priority and is continuously being optimizes by ASFINAG by 
upgrading the technical standard in tunnel systems, installing kerb reflectors, using variable 
traffic signs, traffic lights, information boards and LED escape route markings. The success of 
these measures can be seen in the development of accidents since the year 2000: while tunnel 
structures have continuously increased, the number of accidents with personal injuries has 
declined significantly. 

The maintenance of operational stability is essential for smooth traffic handling. This is endured 
by comprehensive maintenance work. Regarding the challenge of securing tunnel facilities in 
terms of energy technology, ASFINAG is currently testing the energy self-sufficiency of 
individual tunnel objects by using solar energy. In the event of a blackout, this will continue to 
guarantee the functionality of the tunnel facilities. A project in this context is the S 1 Vienna 
Bypass. Starting autumn 2022, the photovoltaic systems installed on this road will be a first 
step towards energy self-sufficiency. 

Tunnel safety is completed by the area of data protection and information security. A legal basis 
for this area is the Federal Act to Ensure a High Level of Security of Network and Information 
Systems, the so-called NIS-act. It requires to evaluate existing safety concept as well as 
implement further measures. ASFINAG is, among other aspects, focused in optimizing user 
entrances, adapting privileged access rights and installing electric safety doors in areas of highly 
sensible tunnel facilities. The implementation of the measures needs to be validated by the 
Austrian Federal Ministry of Internal Affairs in November 2022. 

Since planning, constructing and maintaining high-level road network and especially tunnels 
are highly complex tasks that also bear financial risks and require highly specialized personnel, 
ASFINAG tries to identify risks as soon as possible, take targeted countermeasures or aims to 
prevent risks from arising in the first place. 
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Tunnel Ventilation and UN 2030 Sustainability Development Goals  
– we have a story to tell

By Arnold Dix 
Legal Counsel White & Case, Professor of Engineering Tokyo City University, 

President Elect ITA  

ABSTRACT 

The 2030 Agenda for Sustainable Development, adopted by all United Nations Member States, provides 
a shared blueprint for peace and prosperity for people and the planet, now and into the future. Politically 
tunnel projects must be seen and actually be responsive to the United Nations climate change agenda.  
This means we, as tunnel ventilation experts, must articulate the benefits and efficiencies of the 
ventilation systems we design, operate, and refurbish using this modern narrative.  From energy 
consumption minimisation to control systems that will respond to deceased emissions – our emphasis 
must be on explaining our approaches focused on the principles of sustainability.  If we do not focus on 
these messages, we risk catastrophic rejection of our projects on sustainability grounds.  The biggest 
threat to tunnelling and tunnelling projects is our industries lack of focus on adequately promoting 
underground infrastructure contribution to achieving the UNs sustainability objectives of 2030 and 
transformational opportunities, in the face of climate change.  This paper proposes a framework for 
articulating tunnel ventilation opportunities that embraces the United Nations 2030 agenda for 
sustainable development. 

Keywords: Sustainability, ventilation, underground, infrastructure, climate change 

1. INTRODUCTION

On 28 February 2022 the Intergovernmental Panel on Climate Change (IPCC) [1] being the United 
Nations (UN) body for assessing the science of climate change established by the United Nations 
Environment Programme (UNEP) and the World Meteorological Organization (WMO), published a, 
‘... dire warning about the consequences of inaction ...’ advising that, ‘... climate change is a grave and 
mounting threat to our wellbeing and a healthy planet. Our actions today will shape how people adapt 
and nature responds to the increasing climate risks.’ 

The 195 member governments of the UN IPCC have collectively warned of acute food and water 
insecurity, loss of life, and loss of infrastructure.  The report urges immediate adaptive action be taken 
including more resilient life critical services such as clean water, critical infrastructure such as energy 
and transportation systems, storm drought and flooding controls, and sustainable transport systems.  

The United Nations (UN) Department of Economic and Social Affairs revised its 2030 Sustainability 
Development Goals (SDGs) [2] in recognition of the declaration on 12 December 2020 by the United 
Nations Secretary General of a climate emergency [3] and consistent with the findings of COP26 [4]. 

Underground infrastructure, tunnels, are a proven method for robustly addressing adaptive and 
transitional climate change issues.  Tunnels are a proven method for improving the human condition 
and are well suited to responding to the world’s most pressing climate change and sustainability issues. 

However, tunnels are carbon heavy during construction and consume energy over very long periods of 
time.   

Tunnel ventilation is one of the big consumers of energy during the lifetime of a tunnel and we as tunnel 
ventilation practitioners must be mindful of that energy burden and adjust our approach to tunnel 
ventilation and how we describe the systems we design, operate and refurbish, with the declared climate 
emergency and sustainability development goals in mind.   

DOI: 10.3217/978-3-85125-883-7-03



- 14 - 
 

11th International Conference ‘Tunnel Safety and Ventilation’ 2022, Graz 

 
There is a common and popularist view that all governments must exercise their decision making 
powers on behalf of their people to mitigate climate change by the most appropriate spending of limited 
public funds.   
 
This means that most decisions relating to underground infrastructure in all countries include a 
requirement to demonstrate how the project will benefit the environment more than other projects 
competing for the same limited resources. Even during competitive bidding for tunnel projects – 
sustainability issues are often weighted and can be decisive for successful bidding. 
 
Modern history demonstrates that there is a close relationship between underground infrastructure and 
underground development and positive environmental and social outcomes.  From the provision of 
clean water and sewerage to highly efficient underground transportation systems, to the efficient and 
effective delivery of energy and other resource, the association between underground infrastructure and 
social and environmental benefits is clear.  However, collectively as a global industry, we have failed 
to keep pace with the narrative, language, and metrics used to measure and communicate the collective 
benefits (and disbenefits) of the use and development of underground space.   
 
This failure was recently highlighted in Germany by a legal challenge to a metro project on the basis of 
its adverse environmental impact due to its high construction carbon footprint.   
 
There will be more such challenges as communities and their governments critically review their 
investment strategies through the new lenses of a perceived climate emergency and the urgency of 
taking action.  Internationally this is now being evidenced in project procurement documentation which 
assesses the merits of projects using criteria designed to measure likely adverse impact on climate and 
the environment generally.  As a professional industry we must rise to this challenge and better and 
more transparently articulate the implications of underground works projects and there long term 
operational implications for humanity and the planet.  
 
2. Tunnel Ventilation 
 
There are a range of metrics associated with tunnel ventilation which can inform and assist decision 
makers assess the merits of underground projects generally and competing design and operational 
regimes specifically.  For transportation tunnels it is possible to calculate the impact on carbon 
emissions due to increased vehicle efficiency and reduced journey times [5].  For utility tunnels such 
as water, sewerage and power, calculations can be undertaken to demonstrate the overall reduced carbon 
footprint of the underground option and offset that from the ventilation energy carbon footprint.   
 
2.1. Ventilation - Energy Consumption 
The practice has been to describe energy consumption of competing ventilation design options primarily 
based on cost.  By adopting a sustainability development goal (SDG) criteria various design options 
can be assessed in an SDG framework that better informs the decision making process.  
 
The source of energy for tunnel ventilation should be a factor in assessing the impact of energy 
consumption on achieving sustainability performance.  A naturally ventilated tunnel will likely have 
minimal mechanical ventilation, a tunnel powered by renewable energy sources has a smaller footprint 
than the equivalent tunnel powered by fossil fuel electricity generators. An example of the difference 
of the source of electricity can have on the environmental footprint of a tunnel was examined in the 
context of tunnel air cleaning technologies comparing a nuclear powered option with a coal powered 
option [6].  The analysis found that it was better not to clean tunnel air if the power source was from a 
coal powered electricity generator.  
 
2.2. Using United Nations Sustainability Goals 
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The United Nations Department of Social and Economic Affairs has created a set of 17 goals which can 
be used as a method to link ventilation engineering to positive sustainability outcomes. In doing so 
ventilation practitioners can assist decision makers positively assess ventilation proposals.  
 
Sustainable Development Goal 7 is to ensure access to affordable, reliable, sustainable and modern 
energy for all.  The UN is promoting accelerated action on modern renewable energy especially in the 
heating and transport sectors.  When designing a tunnel passive ventilation (such as regular openings 
and innovative use of the piston effect) could be explored (if appropriate) and their benefits weighted 
to reflect the emerging importance of lower energy consumption in underground transportation assets.  
This is often difficult because until very recently the environmental effects of emissions from many 
road tunnels were driven by the prudent management of emissions from fossil fuel engines. That 
situation is changing rapidly, and tunnel ventilation designers can now embrace improved fossil fuel 
vehicle emissions and thereby engage in an SDG discussion from a tunnel ventilation perspective.  In 
doing so tunnel ventilation engineers assist projects navigate increasingly rigorous sustainability based 
assessments of projects.    
 
2.3. Efficiency of Tunnel Ventilation  
There are many opportunities to improve the efficiency of tunnel ventilation systems.   
 
The configuration and exact location of fans (of whatever type) impact the efficiency of the ventilation 
system.  Detailed consideration of fan location and orientation, overall cross section, niche design, duct 
size and detailed geometry to energy consumption and therefore the SDGs is a powerful tool for project 
advocacy.  For example providing a greater distance between a tunnel lining and jet fan can greatly 
increase the efficiency of the jet fan because the plume of the jet fan is not impinged by the tunnel wall 
and the energy of the jet fan can be transferred more efficiently into momentum.  
 
By describing the advantages of alternative tunnel geometries in terms of impact on energy efficiency 
of the ventilation system in an SDG context decision making can better balance construction costs with 
the overall SDG outcomes or the design life of the infrastructure.  It is best to translate the energy 
consumption and efficiency performance into a SDG context to help inform the decision makers.  
 
2.4. Duct Work – Detailed Design 
The aerodynamic efficiency of tunnel ventilation has been a consistent theme was the hallmark of 
renowned scientists at the Technical University of Graz such as the generation of Karl Pucher, Alex 
Härter  and  Ferro  whom  carefully  explored  energy  efficient  designs,  proposing  guiding  vanes  and 
curved ducts wherever possible. In recent years a focus on construction costs has driven cheaper and 
less efficient designs – the SDGs provide a narrative that values efficiency – for the collective good of 
our people and shared planet.   
 
In 2022 there are opportunities to deliver energy savings in project ventilation through detailed design 
of ducts.  Such detailed design work can rightly inform SDGs and become part of the advocacy for 
tunnel projects.  Describing these efficiencies in the context of modern SDGs allows decision makers 
to better consider the merits of tunnel projects and alternative tunnel ventilation solutions.  
 
2.5. Fan Efficiencies 
There are a range of techniques and technologies that improve the efficiency of fans either through 
refinement of their physical design or the control systems that regulate their use.   
 

2.5.1. Design 
Various fan manufacturers claim efficiencies in their fan design.  As part of the narrative to assist the 
decision making process these efficiencies should be described in terms of achieving the UN SDGs.  It 
is not enough to merely talk about the improved efficiency because decision makers need information 
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in a form and usable language that helps them meet requirements in policy and contractual documents 
of evidence of improved energy efficiency in major infrastructure. 
 

2.5.2. Control 
The ability to better control ventilation systems is also an opportunity to reduce energy consumption 
and usually reduce peak energy consumption by a range of techniques and technologies that reduce start 
up peak energy demand and optimise energy usage for a given ventilation outcome.   
 
By framing the narrative that describes these energy consumption changes in terms of reduced peak 
energy demand and decreased overall energy usage provides a basis for making evidence based claims 
about how a control system contributes to achieving United Nations Sustainability Development Goals.  
This in turn helps decision makers make informed decisions about how best to spend their limited 
resources.   
 
3. Lateral Thinking 
 
It is not common for technical practitioners to embrace translating their technical engineering data and 
evidence into a narrative that informs broader public policy and decision making.  However, the UN 
has declared a climate emergency and popular opinion is demanding that limited financial and technical 
resources be mobilised to address the emergency. 
 
A reduction in peek energy consumption of underground infrastructure makes more energy available to 
the community because the reduction in peak demand allows more users of the same overall amount of 
energy with no reduction in the level of service.  In making more energy available, such a strategy meets 
the requirements of SDGs 7, 8, 9, 11, 12, and 13.   
 
The energy reduction meets SDG 7 as it increases access for others to the existing available energy, 
SDG 8 as it promotes more sustained use of underground infrastructure,  SDG 9 as it promotes resilient 
infrastructure, makes the infrastructure more sustainable and is an innovation, SDG 11 as it makes the 
network it forms part of more resilient and sustainable, SDG 12 by making energy consumption more 
sustainable, and SDG 13 as it is an example of urgent action to reduce energy consumption and thereby 
combat climate change.     
 

      
Figure1: SDG Icons 7 to 9 and 11 to 13 
 
By embracing more energy efficient underground designs and including either in new build or 
refurbishment higher efficiency and better control of tunnel ventilation a project is directly contributing 
to the stated United Nations objectives.  In linking our tunnel ventilation outcome to these United 
Nations goals our outputs become more persuasive to decisions makers and the general public 
demonstrating we are taking urgent action to combat climate change by reducing energy consumption 
and better articulating the benefits of tunnels and underground space.   
 
More action is required to better quantify and capture the benefits of improved approaches to tunnel 
ventilation specifically and underground infrastructure generally.  The ITA is embarking on a program 
to help formalise a process of capturing the tremendous benefits and innovations in the use and 
development of underground space for the benefit of humanity and the planet.   
 
4. CONCLUSION 
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We, as tunnel ventilation practitioners, can do our part in ensuring that the positive contribution we 
make to humanity and the planet is captured and recognised by decision makers and the public.  The 
most fundamental step in achieving that outcome is embracing the language and concepts of 
sustainability and climate change in the narratives we generate.  Furthermore, by describing the 
innovations in tunnel ventilation using the SDGs it makes it easier for allied professionals to perform 
carbon footprint offset calculations to address the considerable carbon cost of building underground 
infrastructure and places. 
 
Describing our advances in tunnel ventilation, the great innovations and improvements we are making 
in reducing energy consumption, and describing the energy tunnels consume in terms of the offset of 
emissions generated by above ground activity without the tunnels is increasingly critical to ensuring the 
true environmental value of underground solutions is not overlooked by decision makers focused on 
addressing the climate emergency and the competing projects seeking to transition and adjust our human 
activities.  
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ABSTRACT 
This paper presents the outputs of PIARC’s road tunnel committee of the current work cycle 
2020-2023. Due to the new PIARC approach in this cycle to have more and earlier outputs, 
TC4.4 will deliver in total 13 outputs until the end of 2023. Current topics include: Increasing 
resilience of tunnels, management of urban and heavily trafficked tunnels, impact of new 
propulsion technologies on tunnel operation and safety, ITS in tunnels, update of the online 
Road Tunnel Manual, updating and improving of the DG-QRAM Software, organization of the 
2nd International Conference on Road Tunnels Operation and Safety and organization of two 
International Seminars in Low- and Medium-Income Countries (LMIC).  

Keywords: Tunnel operation, tunnel safety & resilience, tunnel maintenance, Online Tunnel 
Manual, transport of dangerous goods, Intelligent Transport Systems (ITS) in 
tunnels, New Energy Carriers (NEC). 

1. INTRODUCTION

The World Road Association PIARC is an international, non-political, non-profit organization, 
established in 1909. The mission of PIARC is to promote international cooperation on issues 
related to roads and road transport. Since more than 100 years PIARC continues to foster and 
facilitate global discussion and knowledge sharing on roads and road transport. The Association 
now boasts 122 government members worldwide and retains consultative status to the 
Economic and Social Council of the United Nations. The main objective of PIARC is to 
facilitate exchange of knowledge on roads and road transport policy and practices within the 
context of integrated, sustainable transport. PIARC is worldwide acknowledged for the quality 
of its outputs. The work within PIARC is organized in Technical Committees (TC) which are 
regularly nominated for a working period of 4 years (so-called work cycles). PIARC’s tunnel 
committee is one of the oldest and one of the largest committees in PIARC. During the past 
decades the TC Tunnels has produced  

 a total of approximately 48 technical reports, covering all matters relating to the
operation of road tunnels: geometry, equipment and maintenance, operating, safety and
environment,

 numerous articles in PIARC’s quarterly magazine Routes/Roads,
 a comprehensive Online Tunnel Manual and
 many more contributions to international events.

Work topics for the TC’s are defined in the 4-years Strategic Plan (SP) [1]. The SP for the cycle 
2020-2023 includes a new structure of PIARC Technical Committees and task Forces (Figure 
1). TC 4.4 Tunnels is part of the Strategic Theme 4 “Resilient Infrastructure”.  

DOI: 10.3217/978-3-85125-883-7-04
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Figure 1:  New PIARC Structure according to 2020-2023 Strategic Plan (SP) [1] 

The TC 4.4 Tunnels has currently 150 members (including working group members) 
representing 37 countries around the world. The work is organized in biannual TC meetings, 4 
thematic working groups (WG) and 3 smaller Task Forces (TF) (Figure 2). 

Working Groups (WG) cycle 2020-2023 Responsible for 
Topic (according to 
the SP) 

WG 1 “Sustainable Operations and Maintenance” 4.4.2 

WG 2 “Safety and Resilience” 4.4.1 

WG 3 “ITS in Tunnels” 4.4.4 

WG 4 “New Propulsion Technologies & Ventilation” 4.4.3 

Task Force “Knowledge Management / Tunnel 
Manual” 4.4.5 

Task Force “2nd International Conference” 4.4.6 

Task Force DG-QRAM 4.4.7 

Figure 2:  Working Groups and Task Forces in TC4.4 Tunnels 

2. CURRENT ACTIVITIES IN THE 2020-2023 PIARC WORK CYCLE 

In the following subchapters the planned activities and first results already achieved in the 2020-
2023 work cycle are discussed. For detailed information and the free download of already 
published outputs please refer to the PIARC website (www.piarc.org).  

 Measures for increasing resilience of tunnels (topic 4.4.1) 
The activities and outputs in relation to the topic “Measures for increasing the resilience of 
tunnels (4.4.1)” focus on increasing the resilience of a tunnel system, i.e. measures to increase 
the availability of the tunnel for users and measures to increase the robustness of the tunnel 
system. A “tunnel system” is defined as the system that consists of e.g. the road (in and nearby 
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the tunnel), the tunnel construction, the tunnel technical installations, including the control 
systems / control center from which the tunnel is operated, etc. All these elements work together 
as a system to assure the safety and availability for the tunnel users, at a certain designated 
service level (based on requirements set by the tunnel manager). Hence, the integrated 
performance of all these elements defines the resilience of the tunnel system.  

As a first output a comprehensive Literature Review Report “Improving Road Tunnel 
Resilience, considering Safety and Availability (2021LR01EN)” [2] was produced by WG2. In 
the report more than 100 literature sources on road tunnel resilience, including more general 
literature on resilience principles or aspects that could be applied to tunnels, were reviewed and 
the results were synthesized. Many definitions for “resilience” were found, but the Working 
Group decided on the following definition in the context of tunnels: 

“The ability to prepare and plan for, absorb, recover from, or more successfully adapt to actual 
or potential negative effects of events or developments affecting the availability of a road 
tunnel. In this context, an acceptable safety level is a mandatory constraint for the availability 
of the road tunnel”. 

The literature review focusses on the following topics: 

 General concepts and approaches for resilience management; 
 Legislation, standards, strategies and policies; 
 Criteria and requirements for resilience, availability and safety as a mandatory 

constraint; 
 Various events and future developments to be resilient for, like weather conditions, 

climate change and other natural hazards like earthquakes and flooding, traffic incidents 
and traffic developments, calamities like fire, physical and cyber-security incidents, 
failure of technical or operational safety measures, including pandemics threatening the 
availability of the tunnel staff, maintenance and refurbishment works and technical and 
social developments like SMART mobility and the growing use of new energy carriers 
for vehicles; 

 Possible measures to improve road tunnel resilience for these events; 
 Organizational and managerial aspects of resilience improvement. 

The report is completed with conclusions and recommendations (for decision makers and for 
PIARC), an extensive reference list, a glossary and appendices. 

The literature review is the first step in the development of a full technical report on road tunnel 
resilience. The second step is a briefing note including 18 case studies on tunnel resilience 
collected from 12 countries world-wide. The collection of case studies in the briefing note 
covers the wide range of resilience topics and aspects mentioned above, thus providing valuable 
insight in current practices worldwide. Included are cases from Australia, Austria, Belgium, 
France, Germany, Italy, Japan, The Netherlands, South Africa, South Korea, Spain, Switzerland 
and The United Kingdom. The briefing note including collection of case studies “Improving 
Road Tunnel Resilience, considering Safety and Availability (2022R04EN)” [3] has been 
published in March 2022. The last and final output on the topic of tunnel resilience will be a 
full technical report which will include a practical road map to manage and improve resilience, 
“measure sheets” with assessment of effectiveness and cost-effectiveness of various resilience 
measures with main focus on recovery and recommendations for the target group. The 
publication of this final output on the resilience topic is foreseen for end of 2023. 



- 21 - 
 

11th International Conference ‘Tunnel Safety and Ventilation’ 2022, Graz 
 

 Best practices in management particularly in of urban and heavily trafficked 
tunnels (topic 4.4.2) 

In the past years numerous technical equipment has been installed in road tunnels. The 
maintenance of this equipment is increasingly complex and has becomes an important issue. 
This is notably the case in urban tunnels or tunnels with high traffic volume where accessing 
equipment and conducting road works while the tunnel is open to traffic can be particularly 
challenging.  

The aim of the case study collection report (2022R06EN) [4] was to gather, evaluate and 
comment on international expertise related to maintenance and traffic management in highly 
trafficked urban road tunnels. A large number of cases were collected, which were particularly 
suitable for providing an insight into the implementation of these special requirements for urban 
road tunnels. It became apparent that it was useful to divide the cases into 3 categories, which 
pursued similar goals: 

 Implementation of the "quick responders" concept with different approaches, 
 Measures to organize work and to reduce nuisance to users during the renovation of 

tunnels, 
 New tools for maintenance and operation. 

The quick responder’s approach is generally considered to be an appropriate measure. However, 
local requirements must be carefully considered. Specially equipped motorcycles are 
recommended as suitable responding vehicles. In the second category, various approaches are 
possible, and these should be tailored as closely as possible to the renovation project in question. 
Public information campaigns can be just as important as technically sophisticated traffic 
guidance installations and design adaptations. Probabilistic approaches, e.g. on the basis of the 
RAMS ISO-standard (reliability, availability, maintainability, safety), can be used to take 
failure probabilities into account. Such methods are already in use in some cases, but are 
particularly effective if the methodology can already be deployed during the initial design and 
construction phase. The final output in this work topic will be a full technical report including 
recommendations in the fields of traffic, operation maintenance, equipment and refurbishment 
strategies. The publication is foreseen by end of this year. 

 Impact of new propulsion technologies on road tunnel operations and safety 
(topic 4.4.3) 

Alternative propulsion technologies, including battery-electric vehicles, are becoming more 
prevalent. Whilst such vehicles remain a small overall proportion of the vehicle fleet, the 
combination of impacts of government policy and technological advances in alternative fuels 
is expected to accelerate their increase in numbers on the road and in tunnels in coming years. 
There may also be particular initiatives in certain geographical areas, such as on airport land 
for example, where higher proportions of alternatively fuelled vehicles are seen sooner than on 
the open road.  

As a result of these changes, the nature of tunnel safety risk (including from fire) is expected to 
change with time, and detailed consideration of the risk of significant incidents involving such 
vehicles is required. This should include the evaluation of incident consequences with particular 
attention paid to fire characteristics and toxic emissions and their impact on tunnel users and 
on emergency intervention strategies.  

The first output of WG4 prepared during this cycle is a case study report “Impact of new 
propulsion technologies on road tunnel operation and safety (2022R05EN)” [5]. The topic has 
too few incidents to be able to make statistically relevant statements about the effects of 
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accidents with vehicles propelled by new propulsion technologies, commonly called new 
energy carriers (NEC) on the tunnel design and infrastructure. It is also currently not possible 
to derive specific instructions from experience gained from incidents of such vehicles. Hence, 
this report collates currently available information on existing or just finished research 
programs and highlights the most important findings from these projects. The report also 
presents findings of a “Webinar on New Energy Carriers in Road Tunnels” organized in 
cooperation with ITA-Cosuf and KPT (Dutch knowledge platform for tunnel safety).  

The final output on this topic will be a full technical report to be published at the end of the 
work cycle (2023). 

 Intelligent Transportation Systems in Tunnels (topic 4.4.4) 
Regarding Intelligent Transports Systems (ITS), the last few years have seen considerable 
technological advances in this field. In a road tunnel environment, these systems can have a 
significant impact on operation and user safety. The objective of this topic is to focus on the 
impacts of such systems on road tunnel operations and safety. Regarding ITS in tunnels there 
are a few main issues that needs to be assessed and discussed from a tunnel community 
perspective: 

 Given the very quick development of ITS on open roads, how can service continuity of 
such systems be guaranteed in the specific context of road tunnels? 

 Are there any obstructions for the development of ITS in current tunnels that should be 
dealt with? 

 What changes do we expect in terms of required safety and traffic management systems 
in a tunnel: what systems could possibly be deleted (under which conditions) and what 
new systems do we need (under what conditions)? 

 What are the tunnel community’s expectations with regard to these ITS: safety distance 
control, lane departure warning systems (LDWS), heavy vehicle guidance systems, 
vehicle localization and counting systems, identification of hazardous goods vehicles, 
etc.? 

 More generally speaking, how can these ground-breaking systems improve user safety 
in road tunnels? 

The objective of WG3 is to prepare a full technical report answering these questions. 

 Update of the Online Road Tunnels Manual (topic 4.4.5) 
During the last cycles the TC on Road Tunnel Operations has produced a total of approximately 
45 technical reports plus many Routes/Roads-Magazine articles and special issues. In the 
current work cycle some reports are also already published [2, 3, 4, 5]. The main added value 
of the Online Tunnel Manual is to incorporate and disseminate this information through an 
electronic document currently published in a new (2019) version, so as to reach the widest 
possible audience. The current version of the online Tunnel Manual is available in English and 
Spanish. The French translation is also finished and the updated pages will be uploaded soon. 

The update of the Tunnel Manual will be managed by a Task Force with the support of all 
Working Groups of TC 4.4. The Tunnel Manual is accessible at https://tunnels.piarc.org/. 

 Preparation of the 2nd International Conference on Tunnels (topic 4.4.6) 
The previous 1st International conference in Lyon (October 2018) was a very successful event. 
The 2nd PIARC International Conference on Tunnels will be held from 25 to 28 October 2022 
in Granada/ Spain. A Task Force with participation of members of TC4.4 is responsible for the 
preparation of the technical program in closed collaboration with the Spanish National 
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Committee of Road Tunnels and other relevant international organizations in the field of Road 
Tunnels. Important topics which will be addressed are: New challenges of the tunnels with the 
2030 objective, Resilience in road tunnels, Management of urban and high traffic road tunnels, 
ITS systems and their contribution to improved operations, New vehicle propulsion energies 
and their impact on tunnels, Risk Analysis, Ventilation and Lighting, Emergency Management 
and Current state of tunnels and adaptation to the regulations. More information about the event, 
the draft program and registration is available at https://www.piarc-tunnels-spain2022.org/. 

 Support for updating and improving of DG-QRAM (topic 4.4.7) 
The Dangerous Goods Quantitative Risk Assessment Model, known as “DG-QRAM” is a 
software tool, which enables its users to perform a specific risk analysis for dangerous goods 
transport. 
Since the release of this software, the DG-QRAM software has been widely used by many 
European countries to perform risk analysis for dangerous goods transport as required by the 
European Directive 2004/54/EC on minimum safety requirements for tunnels in the trans-
European road network, and to support the choice of a tunnel category according to ADR 
(dangerous goods regulations). 

In the 2016-2019 work cycle the tool was updated to make it compatible with more recent 
versions of the software that it is based on. Thanks to initial financial contributions provided by 
8 funding countries, the updated version of the software tool is available for sale on PIARC 
website. User training sessions were organized for both expert users and new users. In the 
current work cycle a further upgrade of the tool, based on feedback of users, is in progress. 
Preliminary results and more information on the tool were communicated in an International 
Webinar which was organized by the responsible Task Force in June last year. The 
presentations and a video are available on PIARC website. It is expected that the upgraded DG-
QRAM software will be finalized at the end of the work cycle (2023). 

 PIARC Tunnel events 
In the current work cycle several events have already been organized by TC4.4: 

 International Webinar on „Road Tunnel: Recent Trends, Innovations and Way Forward‟ 
streamed from Delhi / India (5 – 6 May 2021), 

 Worldwide webinar on the DGQRAM software “A dangerous goods transport risk 
assessment tool that is being upgraded!”, streamed from Lyon / France (23 June 2021), 

 Webinar on “New Energy Carriers in Road Tunnels” streamed from Utrecht / The 
Netherlands (20 – 21 Oct. 2021), 

 Technical workshop on road tunnels at 34th Japan Road Conference (4 Nov 2021), 
 Technical Session R14 „Increasing Resilience of Tunnels“ at the virtual 16th World 

Winter Service and Road Resilience Congress (9th Feb. 2022), 
 World Road Tunnels Seminar, Medellín / Colombia (29th March – 1st April, 2022), 
 Several contributions to conferences where PIARC is co-organizer like 10th 

International (virtual) Conference ‘Tunnel Safety and Ventilation’ (1 – 3 Dec. 2020), 
3rd International Polish Tunnel Forum (3 – 4 Feb. 2021). 

The most important upcoming events are: 

 GTFE/PIARC France Conference on Tunnel Asset Management, 2 June 2022, Lyon / 
France (https://www.gtfe.fr/evenements/la-conference-du-gtfe-piarc-france/),  

 2nd PIARC International Conference on Road Tunnel Operations and Safety, 25 – 28 
October 2022 – Granada / Spain (https://www.piarc-tunnels-spain2022.org/), 
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 PIARC International Seminar ”Advances in Design, Construction and Maintenance of 
Tunnels”, April 2023 – Delhi & Dehradun / India, 

 27th World Road Congress, 2 – 6 October 2023, Prague / Czech Republic 
(https://www.wrc2023prague.org/). 

3. SUMMARY AND CONCLUSION 

Since 1957, date of creation by PIARC of the "Committee on Road Tunnels", the Association 
has conducted an ongoing activity on all matters relating to the operation of road tunnels: 
geometry, equipment and maintenance, operating, safety and environment. All outputs are 
available online (free download) on the PIARC website. In the current work cycle several 
outputs have already been completed and published on the PIARC website [2 – 5]. A large 
number of successful events have been organized in the first 2 years of the current work cycle. 
A number of important tunnel conferences and seminars will follow until the end of the work 
cycle in 2023.  

There will be continuous publications on the PIARC website during the next years because not 
only full technical reports are published but also intermediate deliverables like a literature 
review, a collection of case studies or a briefing note. Please visit the PIARC website regularly 
to stay updated. Anyone interested in contributing to the topics mentioned above is cordially 
invited to participate in TC 4.4. 
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ABSTRACT 
The life cycle of a tunnel structure over 500 m officially begins for operation with the first 
opening in accordance with the Road Tunnel Safety Act (STSG) and thus after acceptance by 
the tunnel management authority. In the course of such an acceptance with an officially 
appointed and sworn expert, the tunnel is structurally and technically inspected for functionality 
and conformity with regulations.  
After the first opening, the tunnel is not tested any more across all trades until the next 
refurbishment according to STSG §§ 7 and 8 STSG. ASFINAG Performance Tests have been 
working against this since 2018. With the voluntary internal ASFINAG tests of the entire 
system, conclusions can be drawn about the life cycle of a tunnel system and traffic and tunnel 
safety can be increased. The aim of these tests is to check systems between partial and general 
refurbishment and to initiate any necessary measures to restore the approved system condition.  

Keywords:  Tunneltest, Life Cycle, Commissioning, Recommissioning, Performance Test, 
system-wide 

1. FIGURES, DATA AND FACTS LIFE CYCLE
At present, 166 tunnel systems are in operation on Austrian motorways and expressways, 87 of 
which are over 500 m long and therefore subject to the Road Tunnel Safety Act. (STSG) 
With the entry into force of the Road Tunnel Safety Act 2006, all tunnel installations more than 
500 m before being opened for the first time (new construction) or reopened (refurbishment) 
must undergo an acceptance or test procedure by the tunnel management authority and an 
external expert. The official acceptance procedure takes place after a cross-system test and trial 
run by the contractor, which can last up to 12 weeks, depending on the size of the facility. On 
the basis of the official acceptance procedure, a notice of initial opening or reopening of the 
tunnel is issued.  
Before opening or reopening tunnels run through several test procedures until they are open to 
traffic in accordance with §§ 7, 8. After that, partial or general refurbishments with closure of 
the tunnels are planned every 15 to 20 years. Between opening or reopening and the 
refurbishments, only maintenance and repair work at the maintenance intervals in accordance 
with the guidelines can be carried out by external contractors and/or the operating technology 
department of ASFINAG.  
For tunnels under 500 m length, no official acceptance procedure with cross-trade inspections 
is provided.  
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2. TUNNEL PERFORMANCE TEST 
Due to the lack of cross-system tests between the refurbishment phases, ASFINAG started with 
the first performance tests in 2018.  
A performance test aims to check the tunnel for approved functionality and guideline 
conformity (status of the guidelines at the time of the first opening or last refurbishment). A 
target-actual comparison is carried out in order to derive measures for operation from it if 
necessary.  

2.1 GENERAL CONDITIONS  

In order to ensure a reasonable and efficient planning of the systems to be tested, 5 parameters 
were identified which can trigger a performance test in tunnel systems:  

- Age of the system (year of first opening or last reopening) 
- Safety assessment (year of the last external safety assessment carried out) 
- Exchange of the tunnel head computer  
- Implementation of a notification procedure according to § 10 STSG 
- Partial or general refurbishment (year of the next planned refurbishment) 

The above mentioned parameters flow into the planning matrix and thus support the selection 
of the systems to be tested and the preparation of the annual planning.  
Currently, a test interval of max. 5 years is planned.  

2.2 SCOPE AND PROCEDURE OF THE TEST 

A performance test looks at the tunnel holistically and across all the different trades. The 
technical function of the individual field devices on site, visual inspections of the system status 
and the integral automated processes according to the event and incident matrix and traffic 
matrix are documented in the tunnel and in the traffic management centre. In addition, the 
equipment of the tunnel is checked for compliance with planning and guidelines.  

- Video detection incl. correct video image switching and text insertion (ghost drivers, 
slow drivers, standstill/congestion) 

- Occupied, counting and double counting loops (triggering parameters, reflexes) 
- Traffic programs according to traffic matrix 
- Emergency call (voice quality, door contacts and reflexes) 
- Fire alarm system incl. ventilation control (reflexes, plausibility check ventilation 

control, fire extinguishing niches, extinguishing equipment) 
- Sound reinforcement (FM or loudspeakers, free text or canned music) 
- Lighting (step switching and control in case of an event) 
- Automated processes according to event and incident matrix (if available) 
- Visual inspection of all system components (incl. pictograms) for damage 
- Doors and gates (contacts, door opening forces) 
- Inspection of signage and inscriptions conforming to guidelines and planning 

A minimum of 3 persons (excluding operating personnel for setting up the barrier) must be 
scheduled for the tests. When setting up the barrier, care must be taken to ensure that it is kept 
as short as possible and that it takes place during periods of low traffic. Especially in urban 
areas, these factors are an enormous challenge in planning the test procedures.  
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Visual inspections and functional tests of the emergency call system can in principle be carried 
out during lane closures. Testing of counting and double counting loops, and here especially 
the detection of wrong-way drivers, is only permitted with a blocking of the affected tube. 
Integral and thus cross-tube tests are only possible in the course of stops on both sides or during 
the blocking of both tunnel tubes. Experience has shown that cross-system tests during or after 
exercises and/or tunnel washing are not useful due to the time factor and the simultaneous work 
to be carried out in the tunnel. As a rule, the tests take place during exclusive night closures. 
The tests carried out are documented in pre-prepared sheets with the date, time, tunnel tube and 
the name of the tested component and the reflex triggered by it. In order to ensure traceability 
and, if necessary, to reconstruct defects, test sheets per trade must be filled in for each trade for 
the documentation of the test activities/triggers in the tunnel and for the documentation of the 
resulting visualisation of the reflexes in the traffic management centre. In addition, photos are 
taken in case of deviations from the target state as well as videos of the ventilation tests.  
After the tests, all test activities carried out must be listed in a protocol, if necessary with a list 
of the deviations from the target state and the measures to be derived from them.  
 

3. EXAMPLE OF A TUNNEL PERFORMANCE TEST IN THE GANZSTEIN 
TUNNEL 

The almost 2 km long, longitudinally ventilated Ganzstein Tunnel on the S 6 Semmering 
Expressway was tested in 2019 as part of a performance test. The first tube of the Ganzstein 
tunnel was completed in 1980 and the second in 2009. Since the opening of the second tube, no 
refurbishment procedure and therefore no official acceptance has been carried out. The start of 
the next refurbishment is planned for 2025 at the earliest.  
The inspections/tests were carried out or accompanied by 8 persons (excluding operational staff 
for the closure). Two employees documented the procedures from the traffic management 
centre in Bruck; 5 employees carried out the visual inspections and releases on site in the tunnel. 
Furthermore, the operators on duty supported the operation of the system.  
The tests took place during a 7-hour night closure from 20:00 to 03:00 in the morning. A total 
of 36 SOS manual hazard alarms were pressed, 74 niche doors and 10 escape route doors were 
tested, the fire alarm centre and the fire programme were activated 12 times, 36 emergency calls 
were made via the emergency call receivers, 39 cameras and 16 double counting and occupancy 
loops were tested. Table 1 shows an overview of the size of the system, the time required and 
the documented deviations.  
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Table 1: Total expenditure for Tunnel Ganzstein test procedure 

 
Finally, a very good plant condition was documented. Nevertheless, over 30 deviations from 
the target condition were detected. Safety-critical deviations were not determined. Corrective 
action could be taken promptly by taking appropriate measures.  

4. EXPERIENCES AND FINDINGS 
Since 2018, about 50 tunnels were tested. Experience shows that the time required for tunnels 
under 3 km can be calculated as 7 hours (one night). For the remaining tunnels, night closures, 
lane closures or stops lasting several days had to be planned.  
The deviations are divided into three categories, firstly deviations of the technical function, then 
deviations of the system condition and deviations from the approved technical regulations 
(RVS, planning manuals, etc.). Deviations from the state of the system include all visual 
inspections (pictograms, escape route orientation boards, etc.).  
A large part of the deviations concern the general condition of the system. This is followed by 
technical deviations in the area of control technology, video detection and loop detection. 
Insignificant faults can usually be rectified by the plant engineering department during the tests.  
The measures are recorded in a results or measures list and assigned to the responsible 
departments. A priority ranking according to short, medium and long-term measures as well as 
clear responsibilities can be read from this list. The monitoring of the fulfilment of these 
measures is ensured by the tunnel management.  
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Fig. 1: Example of a faulty display WVZ  

 
 
 
 
 
 
 
 
 
 
 

Fig. 2: Example: LG measuring device malfunction during fire simulation  

 
 
 
 
 
 
 

Fig. 3: Example of a faulty escape route indication sign  

 
The system tests between the planned refurbishments ensure that the tunnel systems function 
perfectly and comply with the planning and guidelines, thus actively contributing to tunnel 
safety. 
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5. SUMMARY 
The performance tests that have been carried out voluntarily by ASFINAG since 2018 ensure 
a high level of safety in Austrian tunnels. They provide support in fault rectification and are in 
the meantime a fixed component of a tunnel life cycle. The aim is to test up about 20 tunnels 
(STSG and short tunnels) per year.  
Similar to the performance tests, the Road Tunnel Safety Act provides for inspections by the 
tunnel administration authority according to § 3 (5). In order to minimize traffic disruptions for 
road users the tunnel administration authority and ASFINAG decided to carry out joint 
inspections and tunnel performance tests. In 2022, 14 tunnel performance tests and additional 
14 joint inspections and tunnel performance tests are planned. 
Such tests are preventive measures to maintain and increase safety standards in tunnels. 
Furthermore, conclusions can be drawn about the life cycle of the operation and safety facilities 
and refurbishment measures can be adapted accordingly.  
 



- 31 -

11th International Conference ‘Tunnel Safety and Ventilation’ 2022, Graz 

NFPA 502:  A REPORT ON STANDARD UPDATES AND ACTIVITY 
1Norris Harvey, 2Iain Bowman, 2Yinan Scott Shi 

1Mott MacDonald, USA 
2 Mott MacDonald, Canada 

ABSTRACT 
The NFPA 502 Standard provides fire protection and fire life safety requirements for limited 
access highways, road tunnels, bridges, elevated higheays, depressed highways, and roadways 
that are located beneath air-right structures.  The NFPA 502 three year cycle is closing and the 
next edition of the standard will be published in September, 2022.   

The revisions to the Standard are nearly finalized, so this paper will impart an understanding of 
what the key changes are.  The subjects addressed in the revision cycle include these: 

1. Updates to the Critical Velocity Calculations Annex;
2. Changes to criteria from prevention of backlayer to control of backlayer;
3. Updates to the Autonomous Vehicles Annex;
4. Updates to the Alternative Fuels Annex;
5. Application of NFPA 72 (Fire Alarms);
6. Updates to the Tunnel Categories;
7. Structural fire protection.

Keywords: NFPA 502; Critical Velocity; Autonomous Vehicles; Alternative Fuels; Fire 
Protection. 

1. INTRODUCTION

The 2023 Edition of NFPA 502 will be issued around September 2022.  This issuance is the 
culmination of a lengthy process that all NFPA documents must traverse, see Figure 1.  The 
NFPA 502 Standard received 57 Public Inputs for review and revision. 

The process broadly follows four steps: 

1. Input stage:  There is a 9-month public input period for proposed revisions to a
standard.  This period begins almost immediately after the new NFPA Edition is
published.  Typically, this is from October to June.  Comments must be entered via the
NFPA website and anyone can participate.  After closing, the First Draft meeting takes
place where each comment is discussed in detail.  After an official on-line balloting
process, the results of the First Draft Process are posted on the NFPA website and are
available for additional comments.

2. Step 2:  This step begins with a time period to submit comments to the First Draft
responses.  Once comments are received, each comment is discussed in detail at the
Second Draft meeting.  After an official on-line balloting process, the results of the
Second Draft Process are posted on the NFPA website.  At this point, if a comment
proponent still disagrees with the outcome of the process, a NITMAM (Notice of
Intent to Make a Motion) may be submitted.  Once certified, NITMAMs are dealt with
in Step 3.  If no public comments are received, there is not a second revision by the
committee and the NITMAM process does not occur.

3. Step 3: NITMAM’s are resolved at the annual NFPA Technical Meeting. This
represents the last opportunity for changes to the Standard.
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4. Step 4: The NFPA Council meets and the Standard is issued. 

The four steps are a 3-year process that allows public input and comment with an appropriate 
review provided by the Standard Committee.  The process is a consensus approach where 
changes are enacted upon a majority vote, in this case, on the NFPA 502 Committee. 

For this cycle, the meetings occurred via conference call, due to the COVID-19 isolation 
measures taken by most countries.  The meetings were held in October 2020 and October 2021.  
Preparation for these meetings was done by sub-committees which did a preliminary review of 
comments and recommended a path forward.  These recommendations were then discussed at 
the technical meetings.  

 
Figure 1: The NFPA standards development process [1] 

The process is now coming to a close and the changes to NFPA 502 will be finalized in June at 
the Annual meeting.  The key changes follow: 

2. CHANGES TO NFPA 502 

 Annex D: Critical Velocity Calculations 
The Critical Velocity Calculations Annex received a complete revision as the result of public 
comments and inputs.  A Tentative Interim Amendment (TIA) was processed by the Technical 
Committee on Road Tunnel and Highway Fire Protection, and was issued by the Standards 
Council on August 26, 2021, with an effective date of September 15, 2021[2].  The TIA 
effectively removed the 2020 critical velocity equations from the Standard.  To fill the void, 
new annex material was established by the committee via the extensive efforts of a sub-
committee.   
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The new Annex D provided critical velocity calculation methods from the NFPA 502 2014 
edition and the 2017 edition.  The only difference between the two equations is the introduction 
of the variable critical Froude number factors in the 2017 edition which is dependent on the 
convective Fire Heat Release Rate (FHRR).  The annex recognizes that both equations have 
their advantages and limitations. Both equations are compared with the Memorial Tunnel Fire 
Ventilation Test Program (MTFVTP) [3] data as shown in Figure 2.  The intent is to allow the 
reader to make an informed decision about which equation to use. 

Figure 2: Critical velocity equation from NFPA 502 2014 and 2017 versus MTFVTP 

Furthermore, the limitations of each equation are documented: 

1. Both the 2014 and the 2017 equations are limited to the tunnel aspect ratio being similar
to a two-lane tunnel (width to height on the order of 1 to 2 with a typical lane being 3.5
meters wide). For very wide road tunnels, the equations should be solved for velocity
(not flow rate) as though the tunnel were two lanes wide [4].

2. The 2014 equations assume that the fire must be sufficiently wide and high such that no
air can move past the fire without cooling it. (The fire plume and incoming airflow are
well mixed, known as the complete mixing assumption). The equations use a constant
critical Froude number factor equal to 0.606.

3. With the variable critical Froude number factors in the 2017 equations, different mixing
conditions between the incoming airflow and the fire plume are better captured.
However, the critical Froude number factors are based on small-scale tests and are still
subject to uncertainty, and can only provide an indicative prediction of the critical
velocity.

Recognizing that both equations are imperfect and that various parameters affect the critical 
velocity — including but not limited to tunnel geometry, design fire, tunnel blockage ratio, and 
tunnel wall and ceiling heat transfer — the annex acknowledges several other forms of smoke 
control equations exist that this is an area of active research and discussion in the industry.   

The annex also introduced the term “confinement velocity” to recognize the possibility of 
achieving a tenable environment by controlling smoke backlayering especially during a fire 
incident with a relatively high FHRR. The confinement velocity is defined as the minimum 
steady-state velocity of the ventilation airflow moving toward the fire, within a tunnel or 
passageway, that is required to achieve steady-state smoke backlayer control.  This is a 
significant change as critical velocity does not allow any backlayer by definition.  To achieve 
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the confinement velocity, it is recommended to follow Section B.3(2) on the zone of tenability. 
An equation to calculate the confinement velocity is not provided, instead the annex recognizes 
the performance-based tunnel fire safety design methods involving computational fluid 
dynamics (CFD). It also urges engineers to use industry best practices for CFD.    

 Confinement Velocity  
The update to Annex D has shifted the previous view on smoke management from strictly 
preventing smoke backlayering to controlling smoke backlayering while concentrating on 
providing tenable environment.  To execute the implementation, multiple updates are made 
within the Standard: 

 The term confinement velocity is introduced in Section 3.3.14, meaning the steady-state 
velocity of the longitudinal ventilation airflow moving towards the fire, within a tunnel 
or passageway that controls the backlayering distance.  It co-exists alongside the 
definition of critical velocity. 

 Sections 11.2.1, 11.2.3, 11.2.4 and 11.3 add an emphasis on providing or maintaining a 
tenable environment as the key objective. 

 Annex A.11.2.4, A.11.4.2 and C.3.3 update the word “prevent” to “control” when 
applied to smoke backlayering.  

 The illustrations in annex A.3.3.5 are updated to reflect the inclusion of confinement 
velocity and to provide a visual comparison with the critical velocity as shown in Figure 
3: 

  
Figure 3 confinement velocity (left) vs. critical velocity (right) 

 Annex G:  Alternative Fuels 
Alternative fuels are advancing in the global automotive community. As a result, extensive 
editing was incorporated into the Alternative Fuels annex as the result of 9 of the 57 public 
inputs on this subject.  The result was a significantly edited annex. 

In summary the edits to the document are as follows (not inclusive): 

In section G.2.1, additional information regarding compressed natural gas (CNG) storage was 
added.  This information informs the reader about Standard FMVSS 304 “Compressed Natural 
Gas Fuel Container Integrity” and ANSI NGV2 “American National Standard for Natural Gas 
Vehicle Containers”.  A brief summary about full-scale testing of storage containers, pressure 
relief devices (PRDs), and other testing required by the Standard was provided. 

In the section on hydrogen fuel, G.2.4, additional information was provided on the storage tanks 
and the hydrogen process in vehicles.  It was noted that medium- and heavy-duty gaseous 
hydrogen vehicles are in their demonstration phase. 

In section G.2.5, information was provided on battery electric vehicles (BEV).  Many of the 
hazards were described which include thermal runaway and hazards deriving from lithium-ion 
smoke such as hazards from heavy metals and hydrogen flourides.  The corrosive nature is also 
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noted as the smoke can attack concrete and steel structures.  Currently there is limited data on 
BEV fires. 

Section G.2.5 on hybrid electric vehicles (HEV) was included to suggest that the risks from 
these vehicles is less than that of vehicles solely powered by batteries, as the battery bank is 
much smaller. 

 Application of NFPA 72 (Fire Alarms) 
Typically, US codes and standards push for fire alarms and fire protection systems to be 
completely independent of the normal operation of supervisory control and data acquisition 
(SCADA) and building management systems.  Underwriter Laboratories (UL) listing of these 
systems is based on an independent fire management system operating the tunnel fire protection 
systems.  However, almost all tunnel systems are used for both normal and emergency 
operations which in many cases invalidates the UL listing for components.  The changes in 
NFPA 502 are intended to address this issue which is US code related.   

The Standard now allows the fire alarm control panel (FACP) to interface with the SCADA for 
the purpose of reporting alarms, but also requires a minimum safety integrity level (SIL) of 
SIL-2 for the SCADA system in accordance with IEC 61508 “Standard for Functional Safety 
of Electrical/Electronic/Programmable Electronic Safety-Related Systems.” 

 Passive Fire Protection 
Passive fire protection in road tunnels has for many years referenced the time-temperature curve 
developed by the Dutch Ministry of Transport (Rijkwaterstaat, RWS) and the Netherlands 
Organisation for Applied Scientific Research (TNO) from a series of tests done in the 1970s 
and later verified by the Runehamar tunnel tests done by the UPTUN project in Norway in 
2003.  

The RWS curve has been included for a number of editions in the Standard as a performance 
requirement in Clause 7.3.2, which also allows use of another time-temperature curve 
“acceptable to the AHJ.” Related informational material has also been included in Annex 
A.7.3.2. 

Since publication of the current edition of the Standard, a new edition of a test standard has 
been published, ASTM E3134, Standard Specification for Transportation Tunnel Structural 
Components and Passive Fire Protection Systems Fehler! Verweisquelle konnte nicht 
gefunden werden.. This standard now incorporates a time-temperature curve similar to the 
RWS curve. It also contains an option of conducting a surface burning test on fire-resistive 
materials potentially used on tunnel surfaces and a fire-resistance rating test on any joint 
materials being considered. 

Consequently, it was decided to add a reference to this newly revised standard in Annex A.7.3.2. 

Section 9.4.4.2 now also permits a fixed water-based firefighting system to be an alternative to, 
or an augmentation of, passive fire protection. 

 Tunnel Categories 
The classification of tunnel by length was revised. In the previous edition of the Standard, 
tunnels were classified by length into five Categories (X, A, B, C, D) in Clause 7.2, with Annex 
material in A.7.2, Table A.7.2, Figure A.7.2 

The Category B tunnel was defined by length (240m / 800ft) qualified by distance to a “point 
of safety” (120m / 400ft). The stated maximum distance to a “point of safety” is not a prescribed 
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requirement of the Standard, nor is it consistent with the requirement for maximum spacing 
between exits (300m / 1000ft) prescribed within the Standard. 

Consequently, it was decided to revise the categorisation by deletion of the previous Category 
B, and to thus rename the two subsequent Categories i.e. C becomes B and D becomes C. There 
will now be four Categories (X, A, B, C). The differences are summarised in a comparison of 
the current Figure A.7.2 in the 2020 Edition (Figure 4) and a draft of Figure A.7.2 as it will 
appear in the 2023 Edition (Figure 5). 

 
Figure 4. Figure A.7.2 NFPA 502, 2020 Edition 

 
Figure 5. Draft Figure A.7.2 NFPA 502, 2023 Edition 

The Reference Guide table (Table A.7.2) and Figure A.7.2 in the Annex were also reviewed 
and edited for consistency with the revised definitions, considering the increase of 60m (200ft) 
for tunnels that previously were classified as Category B. 

With reference to Table A.7.2 of the Standard, noting that as Annex material this table is 
provided for information only, for items that were decreased in stringency from Mandatory 
Requirement (MR) to Conditionally Mandatory Requirement (CMR), it was decided that the 
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minor length increase does not warrant maintaining these items as MR. One example is the 
increase in fires reported by cell phone, which could negate the need for mandatory installation 
of automatic fire detection. 

For items that were retained in stringency at CMR, the length increase was not expected to have 
a material impact on risk for these items, however that could be confirmed via engineering 
analysis as required by Clause 4.3.1. 

For items that were increased in stringency from “-” (“dash” i.e. no requirement) to CMR, it 
was decided that the length increase could have an impact on risks for these items, to be 
confirmed through the engineering analysis required by Clause 4.3.1. 

 Annex N: Autonomous Vehicles 
In light of the increasing use of semi-autonomous vehicles on road networks globally and the 
presumption that autonomous vehicles may soon also become a reality, the current edition of 
the Standard introduced an Annex N providing background information on autonomous 
vehicles. 

For the next edition, this Annex was revised to account for recent developments in the area. 

Table N.2 was revised to update the SAE autonomous vehicles (AV) definitions to the latest 
used in SAE J3016, “Taxonomy and Definitions for Terms Related to Automated Driving 
Systems for On-Road Motor Vehicles” Fehler! Verweisquelle konnte nicht gefunden 
werden.. 

Terminology used in describing AV systems was updated. For example, since publication of 
the current edition of the Standard, the term V2X (vehicle-to-everything) has entered usage as 
a generic term to describe wireless communications between connected vehicles and other 
similar vehicles and infrastructure. V2X encompasses V2V (vehicle-to-vehicle), V2I (vehicle-
to-infrastructure), and V2N (vehicle-to-network). 

Other tests were revised to account for the current regulatory environment for AVs. For 
example, within the United States some local, state and federal agencies have authorized 
designated trial testing grounds for demonstration and development of AV technology for 
automobiles, buses and heavy goods vehicles (HGV). 

The description of platooning in Section N.5 was updated to highlight new developments. 
Platooning is the synchronized movement of multiple AVs with minimal separation distances, 
such that the vehicles are separated by much smaller distances than is usual with driver-operated 
vehicles. Platooning of HGVs is attractive to the trucking and freight industry. However, its 
application within facilities addressed by NFPA 502 has potential implications for, among other 
things, the range of fire emergencies, design fire size, emergency response time and fire 
protection features. This places additional emphasis on the engineering analysis requirements 
in Section 4.3. Particular emphasis should be given to the type of facility, since platooning could 
have significant impacts previously not considered for bridges and limited-access highways. 

3. SUMMARY AND CONCLUSION 

The updates to the NFPA 502 Standard were extensive and many hours of time were spent 
considering and debating the resulting changes.  The Standard is improved as a result. 

There is always room for improvement. This is one of the reasons that the NFPA process 
updates the Standard every three years.  End users are encouraged to submit recommended 
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changes to the NFPA website during the open comment period.  These comments should be 
concise, measurable, and enforceable. 

At the time of publication, the information contained herein represents the views and opinions 
of the authors and is not the official opinion of NFPA.  The official stance of NFPA will be 
published in the third quarter of this year. 
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ON SMOKE STRATIFICATION IN A 1-D TUNNEL VENTILATION MODEL 
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ABSTRACT 
Tunnel ventilation design and risk analysis rely on modelling smoke propagation. I often read 
that 3-D numerical models are required, commonly Fire Dynamic Simulator in combination 
with the egress model EVAC. But these simulations are costly. Design decisions are made 
following one simulation scenario with the design fire in a single location and with steady-state 
boundary conditions.  

1-D models cannot represent the nature of the flow? This is where I disagree. The paper includes
references to analytical and empirical models, as the underlying equations have been published
elsewhere. Here, we concentrate on a simple model to represent smoke stratification as a
function of the local flow velocity and smoke temperature. As a result, we have a 1-D numerical
model that gives a plausible representation of tunnel aerodynamics, thermodynamics of the fire,
moving and stopping vehicles, smoke propagation, stratification, and egress.

Such a model must be validated against data from tunnel fires, fire tests and/or 3-D CFD 
simulations. Once validated, the computation of a fire scenario only takes a few seconds. This 
allows us to run multiple scenarios with a variation of boundary conditions for better system 
understanding and consequently for better design decisions.  

Keywords: tunnel ventilation, simulation, fire, smoke, back-layering, stratification. 

1. INTRODUCTION

About 20 years ago, there was a significant change in tunnel ventilation design. The focus 
shifted from normal operation to smoke control. And a new ventilation concept was born: 
smoke control by means of local smoke extraction with remote controlled dampers and 
feedback controlled longitudinal airflow in the tunnel. Tunnel ventilation concepts became 
more complex and more dynamic. 

Two further developments had an impact on tunnel ventilation design as we know it today: the 
advance of CFD models with increasing computational power available to the designer and the 
development of risk analysis tools that provide black-box answers to any design variation. It 
appears that any design decision can be made based on CFD simulation and risk analysis.  

However, this neglects the dynamic processes in a real fire scenario. CFD simulations usually 
start with the initial condition of standing traffic. Ventilation operation is pre-defined, thereby 
neglecting the dynamics of the ventilation control system. To understand the dynamics of a fire 
scenario, 1-D models still have their place. 

There are two weaknesses in 1-D tunnel ventilation models: Effects that are caused by 3-D flow 
phenomena must be included by sub-models – including smoke stratification and smoke back-
layering. And every physical effect that is relevant for the flow regime must be included 
explicitly, for example the throttling effect or the inertia of ventilation control.  

2. PREVIOUS WORK

The complete description of the flow model goes beyond the scope of this paper. The underlying 
equations have been published before. The equations for the longitudinal airflow in the tunnel 

DOI: 10.3217/978-3-85125-883-7-07
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are the core of the model: Friction, pressure force of moving and standing vehicles against the 
longitudinal airflow, local losses at the portals, stack effect due to longitudinal gradient and the 
temperature distribution. These equations are given in [1] for longitudinal ventilation and in [2] 
for combined ventilation systems. Later, the model has been extended to include a transport 
equation for smoke concentration and a deterministic egress model [3]. 

A few years ago, the model SPITFIRE was re-written, simplified and extended. Heat radiation is 
no longer modelled explicitly but included in the heat transfer coefficient. The model for the 
in-tunnel temperature now follows the model described in Austrian design guideline RVS 
09.02.32. The heat capacity of the tunnel wall was removed, as this caused problems with long 
simulation times. Long simulation times (>20 min) may be required for egress simulations in 
tunnels with a long distance between egress doors. For short simulation times, there are no 
significant differences between the previous temperature model and the simplified one. 

The most notable inclusion in this model is the propagation of hot smoke under the tunnel 
ceiling. The model can predict back-layering of smoke with the density driven smoke 
propagation superimposed to the 1-D analysis [1]. Smoke propagation is driven by density 
differences between the hot smoke and the cooler tunnel air. 

The relation between the smoke temperature and the smoke front velocity has been derived 
from buoyancy driven flow problems, such as the lock-exchange experiment, see Figure 1 [4]. 
The light fluid intrusion front into the heavy fluid represents a model for the smoke front in a 
tunnel fire.  

 

 
Figure 1: Definition and shadowgraph image of the lock-exchange experiment [4] 

The velocity of the hot smoke front intruding into the colder tunnel air can be expressed as 

𝑢௦௠௢௞௘ ൌ 𝑘 ∙ ඨ𝑔 𝐻
𝑇௦௠௢௞௘ െ 𝑇଴

2 𝑇௦௠௢௞௘
 

with the velocity of the smoke front 𝑢௦௠௢௞௘, the gravitational acceleration 𝑔, the height of the 
tunnel profile 𝐻, the tunnel air temperature 𝑇଴ and the smoke temperature 𝑇௦௠௢௞௘ (the average 
smoke temperature between the fire and the smoke front). This is a simple model for the gravity 
driven flow. It does not include the height of the smoke layer. An empirical parameter 𝑘 ൌ 0.62 
is defined to match the smoke front velocity to experimental data for the back-layering length 
and to predict critical velocity. 𝑘 is expected to depend on the shape of the cross-section [4]. It 
applies to the geometry corresponding to the experiments. The calculation of the smoke front 
velocity must be combined with a transport equation for heat propagating with the smoke (and 
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heat conduction to the tunnel wall as described above). The model assumes stable temperature 
stratification. Any drastic disturbance, such as jet fan operation in the smoke, will limit the 
extent of gravity driven smoke propagation. Temperature stratification may still be present in 
scenarios where smoke stratification is no longer visible [5].  

SPITFIRE includes a variation of air density as a function of temperature. This feature captures 
the increased flow velocity downstream of a large fire and the reduced thrust of jet fans 
operating in hot smoke. The model is still incompressible, as pressure variations do not affect 
air density. Jet fan operation in a fire scenario may be pre-defined or automatically controlled 
using a PI-controller. The parameters of the PI-controller are defined automatically using the 
procedure described in the ASFINAG design guideline [6]. The parameters can then be 
optimized by the user. 

The airflow resistance of the tunnel fire in longitudinal ventilation is captured using the equation 
proposed in [7]. The more conservative approach described in [8] and [9] has not yet been 
adopted, as the validation of these findings is still work in progress. 

3. STRATIFICATION MODEL 

The application of the combined model for 1-D smoke propagation and egress may lead to non-
plausible results when stratification is not included. People that are in the smoke affected part 
of the tunnel would be exposed to the average concentration in the cross-section. Applying such 
a model to a longitudinal ventilation system leads to the conclusion that the best ventilation 
strategy is to run the system at maximum capacity to reduce exposure by dilution of smoke. As 
we know, the recommended approach is to maintain flow direction and to limit the airflow 
velocity between 1 to 1.5 m/s to maintain smoke stratification. For a more plausible egress 
evaluation, stratification is included in SPITFIRE. 

A simple model for the stability of smoke stratification is given by Newman [10]. A measure 
for smoke layer stability can be defined by the local Froude number. The Froude number is a 
dimensionless parameter defined by the ratio of flow inertia to buoyancy forces. Increased flow 
inertia causes flow disturbances and de-stratification. Increased buoyancy leads to more stable 
temperature stratification. Here, the Froude number is defined by 

𝐹𝑟ሺ𝑥ሻ ൌ
𝑢௫

ඥ𝑔 𝐻 Δ𝑇 𝑇௔௩௘⁄
 

with the local Froude number 𝐹𝑟ሺ𝑥ሻ, the flow velocity 𝑢௫ (average in the cross-section), the 
gravitational acceleration 𝑔, the tunnel height 𝐻, the temperature difference between smoke 
and cold air Δ𝑇 and the average temperature in the cross-section 𝑇௔௩௘. In [10], three regions are 
defined: 𝐹𝑟 ൑ 0.9 as a region for stable temperature stratification, 0.9 ൏ 𝐹𝑟 ൑ 10 described as 
region of increased mixing and 𝐹𝑟 ൐ 10, a region without significant temperature stratification. 
For an assessment of smoke stratification, it is sufficient to include the limit of 𝐹𝑟 ൌ 0.9. The 
smoke layer may be disturbed even when temperature stratification is still present. 

The 1-D stratification model is based on the following assumptions: 

 The propagation of a smoke layer against the mean airflow (back-layering) is only 
possible if stratification is present. 

 The stability of stratification downstream of the fire can be estimated by evaluation of 
the local Froude number. Stratification is destroyed for 𝐹𝑟 ൐ 0.9. 

 When smoke is de-stratified close to the fire, stratification in further distance of the fire 
is very unlikely due to smaller temperature differences. 
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Figure 2 (right) shows smoke propagation, airflow, and egress for a fire scenario with a fast-
developing 30MW fire. The x-axis shows the location in the tunnel, the y-axis shows the time. 
The fire is at x=1050m. The scenario assumes uni-directional traffic from left to right. Egress 
doors are marked in green, people movement in red lines. Smoke is shown in grey with the 
stratified smoke being indicated by a lighter shade. The ventilation schematic is shown above. 
In Figure 2 (left), the longitudinal airflow is shown left (red) and right (green) of the extraction 
section over the vertical time axis. 

Initially, the smoke is de-stratified due to high mean flow velocity in the tunnel. The ventilation 
response is defined by smoke extraction beginning at t=3min. Full capacity is reached one 
minute later. At the same time, jet fans close to the entry portal are used to control the 
longitudinal airflow to 2m/s resp. -2m/s. 

 
Figure 2: Smoke control – PI-control of longitudinal airflow 

The graph shows that due to the initial flow velocity, smoke stratification downstream of the 
fire is unlikely. When the fire develops more heat and when the airflow is controlled, a section 
of stratified smoke is developed close to the fire. In this scenario, stratification does not 
influence egress, as smoke back-layering to the left is mostly avoided and tunnel users can 
evacuate to the nearest egress door. 

4. VALIDATION 

Model validation has been performed over the years with every available dataset from fire tests 
or CFD simulations. Most test cases have been derived from site acceptance fire tests. These 
are tests required for project approval of Austrian highway tunnels. Usually, validation is 
limited to parts of the model, depending on the dataset. Test heat release rates are small; and 
there is no moving traffic present. 

 Smoke stratification 
The model for smoke stratification has not yet been validated due to lack of reliable data. The 
model has been adopted from literature without further empirical coefficients. And the results 
are plausible. 



- 43 - 
 

11th International Conference ‘Tunnel Safety and Ventilation’ 2022, Graz 
 

 Control dynamics 
Control dynamics are unrelated to smoke propagation and stratification. But these models must 
include system properties explicitly. In this case the inertia of system reaction. Figure 3 shows 
a comparison of test data and a SPITFIRE simulation. The graph depicts the system response 
(flow velocity) to a fire alarm and start of the emergency ventilation.  

The fuel pan fire was started at about 22:30:00. Only a few seconds after ignition the fire alarm 
was set manually to avoid damage to the tunnel structure. The controlled airflow conditions 
limit the maximum temperature. The test was then run continuously until the fuel was burnt 
completely, see Figure 4. 

 
Figure 3: Flow velocity – fire test and SPITFIRE model 

 
Figure 4: Smoke back-layering and downstream stratification in the first minutes of the test  

The simulation uses the tunnel geometry data. The heat release rate is estimated from the area 
of the fuel pan. Deviations between measurement and numerical model may be attributed to the 
detailed control parameter settings. The ventilation control system was optimized in preparation 
of the site acceptance test. The simulation includes the calculated default parameter settings. 
Other potential sources of deviations may be the ramp settings in the jet fans’ variable speed 
drives. The detailed settings were not documented in the test report. 
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In the fire test, back-layering is mostly controlled due to the small heat release rate. This is 
confirmed in the test report, stating that back-layering extended to a maximum of 15m. It was 
quickly driven back to the fire. The simulation shows a maximum back-layering of 2m. 

 Critical velocity 
The critical velocity is defined as the upstream airflow towards a fire that prevents the 
propagation of smoke back-layering beyond the source of the fire. In the past couple of years, 
several methods to calculate critical velocity have been published. The current consensus for 
practical applications appears to be the relation published in NFPA502:2017 [11].  

SPITFIRE has been tested against this standard. The geometry has been assumed for the tunnel 
shown in Figure 4 without longitudinal gradient. Ventilation control is set up to achieve the 
critical velocity as calculated from NFPA. The back-layering for the quasi-steady state case is 
evaluated. For heat release rates increasing from 20MW to 90MW, the model shows back-
layering increasing from 1.3m up to 8.6m. This is only slightly more than the hydraulic tunnel 
diameter or the length of a single grid cell, which is deemed acceptable. The model has been 
developed for the assessment of dynamic fire scenarios and not for steady-state design. 

 Smoke back-layering 
Most of the published research on smoke propagation in tunnels appears to concentrate on the 
critical velocity. At the 2020 conference in Graz, a paper [12] has been presented, comparing 
smoke back-layering in seven full size fire tests with corresponding FDS simulations and two 
analytical models. This paper provides an ideal collection of experimental, numerical, and 
analytical data to allow a validation/verification of the smoke propagation in SPITFIRE. 

While the paper does not list the detailed tunnel geometry of the fire tests, the missing 
information can be derived from the back-layering lengths calculated using the models by 
Li/Ingason and Thomas. The data used in the SPITFIRE simulation is shown in Table 1. The 
analytical models show good agreement for all cases except Test 7, where my calculation using 
the model by Thomas gives a back-layering length of 338m instead of 256m as shown in Table 
2 [12]. For this case, the model by Li/Ingason gives a back-layering length of 112m instead of 
103m. 

Table 1: Tunnel geometry 

Parameter Symbol Value  
Tunnel cross-section A 36.0 m2 
Tunnel height H 6.15 m 
Air density ρ0 1.251 kg/m3 
Initial Temperature T0 283.15 K 

 

Table 2 describes qualitatively the deviations of the back-layering length, taking observations 
from fire tests as reference. A graphical representation of Table 2 is shown in Figure 5. Please 
note that the column for Test 7 and the model by Thomas is cut at 200m to allow an easier 
comparison for the cases with shorter back-layering. 

Although SPITFIRE includes a very simple model for the smoke front velocity, it provides a 
surprisingly good agreement with backlayering observed in fire tests and in FDS simulations. 
The most notable deviation is visible in Test 6, where SPITFIRE underpredicts back-layering 
similar to the analytical models by Li/Ingason and Thomas. In the other test cases, SPITFIRE 
appears to underpredict smoke back-layering by 10 to 20%. 
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Table 2: Back-layering lengths – comparison experiment/FDS/literature [12] and SpitFire 

 Experiment FDS 
simulation Thomas Li/Ingason SPITFIRE 
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 [MW] [m/s] [m] [m] [%] [m] [%] [m] [%] [m] [%] 
3 4.0 1.10 90 130 145 85 71 77 86 78 86 
4 7.7 1.30 90 140 156 103 114 83 92 99 109 
5 11.5 1.61 120 100 84 79 66 74 94 85 71 
6 14.3 2.00 110 100 90 43 39 57 52 50 45 
7 19.5 1.25 160 150 94 256 160 103 64 142 89 
8 6.7 1.32 100 140 140 82 82 76 76 78 78 

13 21.0 1.72 140 135 97 124 89 75 54 127 91 
 

 
Figure 5: Back-layering lengths – comparison experiment/FDS/literature [12] and SPITFIRE 

5. SUMMARY AND CONCLUSION 

1-D models can represent airflow, smoke propagation and ventilation operation in road tunnels. 
In this paper – together with previously published work – a simple 1-D numerical model is 
described that gives a plausible representation of tunnel aerodynamics, thermodynamics of the 
fire, moving and stopping vehicles, automated ventilation control, smoke propagation, 
stratification, and egress. 

The model has been validated against test cases showing specific aspects of the model, namely 
the dynamic system reaction in a fire scenario, smoke control towards critical velocity and 
smoke back-layering in scenarios with reduced longitudinal flow. The model performed 
reasonably well in all test cases. 

The main advantage of a 1-D model against 3-D CFD lies in the short computation time. For a 
typical tunnel, SPITFIRE computes a fire scenario in 5 to 10 seconds. This allows a wide 
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variation of boundary conditions in short time and a better understanding of the dynamic 
behaviour of the tunnel ventilation system in a fire scenario. This may lead to better design 
decisions. 

The main disadvantage of a 1-D model lies in the simplifications. If the model does not include 
a sub-model for smoke stratification, there is no stratification. If the model does not include a 
sub-model for the pressure loss of a fire in longitudinal flow, there is no pressure loss. We are 
required to observe the limitations of the model – always. And we must test the model against 
available data – always.  

Only by regular and frequent validation, the special cases are identified where the model is not 
applicable in its current form. And when these cases are identified, the model can be developed 
for a wider range of applications – but only after further validation. 
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ABSTRACT 
Understanding smoke propagation and temperature stratification in tunnels during fire incidents 
is crucial in order to ensure the road user’s safety. To accurately predict these phenomena, 
numerical tools such as Computational Fluid Dynamics (CFD) are invaluable.  

We present in this work a CFD model, which features an improved workflow and turnaround 
time by utilizing an autonomous mesh generation technology. A high-quality mesh is generated 
on the fly and enables the use of adaptive mesh refinement (AMR) based on local flow 
gradients.  

To assess the proposed method, simulation results are compared with measurements from full-
scale fire tests performed by the Institute of Thermodynamics and Sustainable Propulsion 
Systems (ITnA) at Graz University of Technology in the Koralm tunnel (Austria). Namely, 
temperature readings from several sensors were used as validation data, along with the observed 
maximum backlayering length. 

Keywords: CFD, autonomous mesh, adaptive mesh refinement, tunnel smoke propagation 

1. INTRODUCTION

Safety and risk-scenario assessments are key part of the design and certification for 
infrastructures such as road and railway tunnels. Computational Fluid Dynamics (CFD) could 
provide a suitable solution, avoiding the necessity to build physical models and allowing to test 
several different scenarios, even considering full scale conditions. Additionally, it allows to 
take a closer look to complex physical phenomena which are difficult to study otherwise. 

To that end, Fruhwirt et al. [1] used numerical CFD simulations to assess fire and smoke 
propagation in the Austrian Koralm tunnel, validating the model against experimental data. 
Furthermore, Truchot et al. [2] simulated the venting of toxic gases from a truck loaded with 
batteries, and consequently the implications of the dangerous gas release and combustion inside 
a tunnel. Temperature profiles and smoke distribution were among the analyzed quantities. 

Not only fire occurrences, smoke propagation and other hazardous conditions, but also 
mitigation scenarios are often addressed and modeled through CFD. On this line, Riess et al. 
[3] simulated the water mist spray from a fire extinguishing system on a burning area in
different flow regimes.

Forced ventilation in tunnels is also a key topic of interest and CFD has been proven as a 
valuable tool to address such scenarios, being able to model turbulence, heat transfer and 
buoyancy [4]. This also applies in scenarios where the ventilation system has to handle smoke 
and fire occurrences. Sturm et al. [5] provide a precise and general insight of the ventilation 
control in case of a fire in a tunnel, while Khattri et al. [6] looked at the longitudinal ventilation, 
focusing on the oxygen content and its impact on the fire dynamics. 

DOI: 10.3217/978-3-85125-883-7-08
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In this work, we introduce a numerical model intended to address these challenges, while 
keeping simplifications to the geometry to a minimum and overall improving the workflow. 
More specifically, we present a comparison between in-situ measurements from the Koralm 
tunnel presented by Fruhwirt et al. [1] and numerical results obtained by our model. This 
comparison serves as validation of the model for the complex near-fire region, in the case of a 
longitudinally well-ventilated fire situation. 

2. COMPUTATIONAL MODEL 

In this work, we used CONVERGE [7] version 3.0.19 for all the simulations. A fully 
compressible URANS (Unsteady Reynolds-Averaged Navier-Stokes) methodology was 
employed using the well-known two-equation standard k-ε model, along with the real gas 
Redlich-Kwong equation of state. A second-order central difference spatial discretization 
scheme was employed, and a modified SIMPLE (Semi-Implicit Method for Pressure-Linked 
Equations) algorithm was used to solve the pressure velocity coupling. Although CONVERGE 
have not previously been used for large scale fire simulations, it has been extensively used and 
validated in other application areas, such as internal combustion engines, gas turbines as well 
as pumps and compressors [8, 9, 10]. Detailed descriptions of the governing equations and 
numerics are given in Richards et al. [11]. 

 Physical models 
Although CONVERGE possesses capabilities to model combustion by directly solving detailed 
chemical reaction mechanisms, we employed in this work the Eddy Dissipation combustion 
model (EDM) [12], which has been found reasonable considering computational cost and 
accuracy tradeoff.  

Radiation was accounted for by solving the radiative transfer equation (RTE) using the Discrete 
Ordinates Method (DOM). Typically for large-scale fire simulations the flame temperatures are 
not properly resolved due to prohibitive computational expense, hence we applied the 
Optically-Thick, Specified Radiative Fraction model [13] to scale the radiative emission at the 
flame based on a pre-determined, user-specified radiative fraction.  

In order to accurately model the wall heat transfer, we incorporated the solids into our model 
through the Conjugate Heat Transfer (CHT) method. Two CHT models were used, 3D-CHT 
and 1D-CHT, where the former includes the solid walls in the computational domain, and the 
latter uses virtual one-dimensional layers normal to the wall boundary.  

 Mesh  
CONVERGE uses a modified Cartesian cut-cell meshing method which allows to retain the 
real geometry details without introducing any modification to the boundary shape. In this 
framework, the mesh generation process is fully automated and the grid is regenerated every 
time step, thus allowing moving and deforming boundaries. Furthermore, in traditional CFD, a 
priori knowledge of local flow features is often required to achieve satisfactory results, which 
is especially challenging in complex scenarios. As the mesh is continuously updated in 
CONVERGE, the mesh is allowed to be locally refined during runtime using the Adaptive Mesh 
Refinement (AMR) approach. More precisely, AMR evaluates the magnitude of the sub-grid 
field 𝜙′ of user-specified variables (e.g., temperature and velocity) to assess if mesh refinement 
should be applied, satisfying user defined criteria. 𝜙′ is defined as 𝜙ᇱ ൌ 𝜙 െ 𝜙ത, where 𝜙 and 
 𝜙ത are the actual and resolved field respectively.  
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The sub-grid field is approximated as the second order derivative 

𝜙ᇱ ൌ െ𝛼ሾ௞ሿ
𝜕ଶ𝜙ത

𝜕𝑥௞𝜕𝑥௞
, ሺ1ሻ 

arising from an infinite series expression of 𝜙′, where, 𝛼௞ is ሺ∆𝑥௞ሻଶ 24⁄  for rectangular shaped 
cell. This methodology allows the mesh to be refined only when and where necessary, making 
optimal use of the cell count. 

3. FIRE TEST DESCRIPTION 

As means for validation of our approach we use the full-scale fire tests performed by ITnA in 
the Koralm tunnel, Austria. The aim of these tests was primarily to study smoke propagation to 
obtain information on keeping escape routes free of smoke. Hence, temperature measurements 
were taken at several locations downstream of the fire location, as well as the upstream smoke 
propagation (backlayering) length was measured. 

In these tests, fire pools were used as fire source, placed in a protective fire box within the 
tunnel as shown in Fig. 1. Fourteen fire tests were performed with varying test duration and fire 
intensities. In this work, we focused on one particular test with eight pool fires giving 
approximately 18 MW sustained intensity, with a burn duration of eight minutes. For a detailed 
description of the fire tests see Sturm et al. [14]. 

 
Figure 1: Visualization of the test pool fire setup and the protective box. 

 

During the tests, many temperature measurements were taken. In this work, we used the 
temperature measurements obtained from the sensor arrays MP5 and MP6, as illustrated in Fig. 
2, to evaluate the simulated temperature stratification. Furthermore, a comparison of the 
concrete temperature was carried out with sensor S7.1 and S7.2, as well as with the maximum 
observed backlayering length from the test. 

 
Figure 2: Temperature sensors locations within the test configuration. 
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4. SIMULATION SETUP 

In order to evaluate our approach, we aimed to replicate the test case scenario described above 
within the numerical framework. 

 Simulation domain and mesh settings 
The domain used for the simulations is shown in Fig. 3. It can be noted that little to no 
simplifications has been made to the geometry, as it includes the correct cross-section profile 
of the tunnel, the detailed fire box, as well as the solid concrete tunnel wall. 

Determining the correct mesh size is not trivial in CFD, but the characteristic fire diameter   

𝐷∗ ൌ ቆ
𝑄

𝜌𝑐௣𝑇ඥ𝑔
ቇ

ሶ
ଶ
ହ

, ሺ2ሻ 

 
is often used in this context as a comparative length scale to define how well the flow is resolved 
[10]. Here, 𝑄ሶ , ρ, 𝑐௣, T and g refer to fire heat release rate, density, specific heat, temperature 
and gravity respectively. In this work, we used a relatively coarse mesh size of Δ𝑥 ൌ 𝐷∗/5 
towards the ends of the tunnel, whereas the centre part of the tunnel, close to the fire, was 
refined to Δ𝑥 ൌ 𝐷∗/10. The grid was further refined in the direct vicinity of the fire source with 
the size Δ𝑥 ൌ 𝐷∗/40 using AMR based on temperature.  

Consequently, the coarsest element size was 0.6 m, while the fire zone was refined with AMR 
using 0.075 m cells. Furthermore, in order to capture the strong temperature gradient close to 
the wall, additional fixed local refinement at the tunnel wall was applied via a boundary fitted 
grid, extruded from the surface with the first layer height being 0.01 m, an expansion ratio of 
1.5 and a total of seven layers. The total cell count ranged from approximately 800 000 to 
950 000 during the simulation due to AMR. The mesh used in the center part of the tunnel is 
visualized in Fig. 4.  

The chosen mesh element size was rather small according to similar studies, as achieving mesh 
independence is in general challenging for large scale fire simulations, with temperature over-
prediction being common for too coarse meshes [15]. We did however compare with a near-
fire mesh of Δ𝑥 ൌ 𝐷∗/30 and Δ𝑥 ൌ 𝐷∗/60, but concluded that the chosen mesh resolution was 
sufficient for this study.  

 Boundary conditions 
As boundary condition for the tunnel supply air velocity, we used the temporally varying profile 
measured in the fire test, ranging between 1.2 and 2.5 m/s. The fire size was imposed based on 
the measured fuel consumption rate of approximately 0.4 kg/s during the sustained burn phase. 
More specifically, the temporally noisy measured fuel consumption rate was approximated as 
a fitted polynomial, as shown in Fig. 5, and imposed as a fuel inflow rate at the fire pool patches.  

In the experiment, a mixture of diesel and gasoline was used as fuel, whereas in our simulation 
we used pure isooctane with a specified lower heating value (LHV) of 42.2 MJ/kg based on the 
fuel mixture. Furthermore, a specified radiative fraction of 0.4 was used together with yield 
factors 0.1 and 0.001 kg/kgfuel for CO and soot respectively. 

Due to the relatively thin layer of protective material in the fire box, the fire box walls were 
modelled using 1D-CHT. Material properties of Promatect-T were used and the wall thickness 
was divided into 20 evenly-spaced layers. 
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Figure 3: Simulation domain visualization. The top image is showing a clipped view at the centerline along the x-axis, the 

bottom left the tunnel cross section and the bottom right a zoom of the fire box. 

 

 
Figure 4: Visualization of the computational mesh in the center part of the tunnel. 

5. RESULTS 

In this section we present our findings from the previously described simulations. Figures 6 and 
7 show the temperature stratification at various times at temperature sensor arrays S5 and  
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Figure 5: Comparison of the fuel consumption rate used in the simulation and the measured one from the fire test. 

S6 respectively, for the measured values from the fire test (left) and simulation (right). In 
general, the trends and temperature magnitudes are well captured, especially in the upper part 
of the tunnel where hot smoke is present. This suggests that the downstream smoke propagation 
was adequately predicted and that the chosen methodology for the fire dynamics and radiative 
behaviour are well represented. The temperature gradient close to the upper wall is also 
adequately captured by the simulation when compared to the measurement. This indicates that 
the near-wall mesh strategy allows to satisfactorily capture the wall heat transfer. It should be 
noted that the temperature gradient at the upper wall is large and the temperature obtained in 
that region is highly sensitive to the exact sensor location, which is difficult to perfectly 
replicate in the simulation. 

Figure 8 visualizes the concrete surface temperature at sensor location S7.1 and S7.2, which 
further indicate that the wall heat transfer trend is reasonably captured, although some 
underprediction of the temperature can be observed. Similarly here, the results experience high 
sensitiviy to the sensor location, so it's difficult to precisely determine the cause of the observed 
surface temperature differences. To fully understand that behavior, more specific tests would 
need to be conducted which was outside the scope of this work, as the primary focus was the 
smoke propagation.  

Furthermore, the simulated backlayering length was compared with the carried out 
measurements. As no time history of the backlayering length was available from the fire tests, 
the maximum observed backlayering are compared and presented in Table 1. Also here a 
satisfactory agreement can be observed. 

 
Figure 6: Vertical temperature profiles at sensor location S5 from measurement (left) and simulation (right) at various times.  
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Figure 7: Vertical temperature profiles at sensor location S6 from measurement (left) and simulation (right) at various times. 

 

 
Figure 8: Comparison of the concrete temperature at sensor S7.1 (left) and S7.2 (right) between measurement and simulation. 

 

Table 1: Comparison of the maximum observed backlayering length between the simulation and measurement. 

 Measurement Simulation 
Backlayering length 160 m 155 m 

6. CONCLUSION 

In this work, we have presented a numerical model using a truly autonomous mesh approach to 
simulate large scale fire scenarios, intended to accurately predict smoke propagation during fire 
incidents to ensure smoke free evacuation paths. The chosen numerical strategy for important 
physical phenomena was presented, along with a discussion of necessary simplifications and 
special modelling requirements for this particular application.  

The model was validated against real fire tests carried out by ITnA in the Austrian Koralm 
tunnel, where several measurements for both downstream and upstream smoke propagation 
were taken. Namely, downstream temperature stratification and concrete surface temperatures 
were directly compared with measurements from temperature sensors, as well as the maximum 
backlayering length was compared with observations from the fire test. 

Generally, the simulation showed good agreement with the measured data. The downstream 
temperature stratification was well represented, showing very reasonable magnitudes with the 
exception of a slight underprediction for the lower part of the tunnel. We did also see some 
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underprediction of the concrete surface temperature, although it should be noted that the exact 
sensor location was of great importance due to the strong temperature gradient observed in the 
vicinity of the wall. Additionally, the observed backlayering length was in good agreement, 
further highlighting the accurate capturing of the smoke propagation, suggesting that the chosen 
numerical approach could be a relevant tool in fire safety scenarios. 
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ABSTRACT 
With no reliable formula for determining minimum required upstream velocity to control smoke 
in tunnels, attention has turned to CFD for answers.  However, CFD must be used with caution, 
as it produces many different answers, depending on the quality of the algorithms and coding, 
and how parameters and numerical models are selected.  It is really only valid when the whole 
system of analysis (analyst + software + parameter/model choices) has been validated against 
known and relevant real fire scenarios.  If the analyst is new, the software is different, solution 
parameters change, or there is no real case for comparison, perhaps it can no longer be relied 
on.  A validation of a system of analysis against the best available tunnel fire data (Memorial 
Tunnel tests) is presented, with discussion on how different modelling options and software can 
affect the outcome, leading to conclusions as to how to model smoke control in tunnels that are 
not so different (in the physics and flow regimes present) to the Memorial Tunnel tests.  How 
far the techniques might be stretched to different geometries or fire scenarios is also discussed 
briefly. 

Keywords:  CFD, tunnel fire, CFD validation, smoke propagation 

1. INTRODUCTION
Smoke control during a tunnel fire is an ongoing discussion, with different 
strategies/philosophies established in different countries by their national standards or 
experiences.  A common approach is the ‘critical velocity philosophy’, where upstream 
propagation of a hot smoke layer is just prevented.  Avoiding any onset of backlayering with 
sufficiently high upstream velocities causes higher smoke/air mixing, and even higher 
downstream velocities, due to expansion of the air/smoke mixture caused by the heat addition. 
Besides the smoke mixing effect, a high upstream air velocity is also likely to cause faster fire 
growth, a higher peak heat release rate, and greater fire spread, as concluded in [1].  
In Europe, a low velocity philosophy is usually recommended, to facilitate evacuation.  A lower 
upstream tunnel air velocity might allow some backlayering of smoke (depending on the 
realised heat release rate) but reduces the risk of destroying any possible smoke stratification 
and leads to a lower smoke propagation speed downstream of the fire.  Lower velocities are 
more likely to support tenable escape conditions downstream of a fire.  
Further discussion on different smoke control philosophies can be found in [2] and [3].  
NFPA 502, the national standard in the US, which historically proposed a ‘critical velocity’ 
approach, will now change its terminology from preventing backlayering to controlling 
backlayering (with the 2023 edition).  That change allows for some backlayering of hot smoke, 
especially within the zone close to a fire that can already be considered as untenable due to 
radiation or other risks.  It will then be more aligned with the European approach.  The 
backlayering distance which may be judged as acceptable might depend on the available 
clearance and space/room above tunnel users and responders for hot smoke, and on the length 
of the zone already made untenable by the fire. 
There is currently no sufficiently accurate or reliable formula for critical velocity, see [4], let 
alone the “confinement” velocity required to “control” smoke in tunnels by targeting a 
backlayering length for a specific design fire scenario.  Lacking such knowledge, attention has 
turned to computational fluid dynamics (CFD) for answers.  However, CFD must be used with 
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care, as the results can vary widely, depending on the selection of parameters and numerical 
models.  To avoid design errors and to generate reliable answers, it is necessary to validate a 
CFD model against at least one relevant real fire test.  This paper presents a validation, for 
different fire heat release rates (HRR), of a CFD model using ANSYS Fluent, against the best 
available tunnel fire data [5], [6].  Fire Dynamics Simulator (FDS) has also been used and 
compared with the test data, as it is a simulation tool often used for analysing tunnel fires.  

2. TEST DATA FOR VALIDATION 
The Memorial Tunnel test data are the best documented full scale fire test available and were 
therefore selected as a base for a reliable model validation.  Geometrical details and raw data 
of temperature sensors, velocity sensors, fuel pumping rates, change in fire pan fuel weights 
etc. were packed in a 9 CD set and are still publicly available [6].  The processed raw data with 
the comprehensive test reports, graphics, plots, pictures, videos, and test results are also 
summarised on a two-disc interactive CD-ROM package [5].  The information from those 
packages that are relevant to the CFD validation are mentioned here. 
During the test program from 1993 to 1995, in total 98 fire ventilation tests were conducted, 
with fire sizes of 10, 20, 50 and 100 MW, and with a series of ventilation configurations 
including different fully and semi transverse ventilation strategies, point supply and extraction, 
natural ventilation, and longitudinal ventilation with jet fans.  After the completion of the tests 
with the transverse ventilation configuration (using the central fans in the ventilation building), 
the false ceiling was removed, and the ventilation system was transformed into longitudinal 
ventilation with jet fans.  The tunnel configuration and test setup after the ceiling was removed 
was used as the base for the CFD model validation.   
Before using the test parameter data as input parameters for the CFD model, the raw data 
(readings of the individual sensors) have been processed according to the details given in the 
Memorial Tunnel Test Data Report [6] and compared with the processed and documented test 
data of the comprehensive test report [5] to see if the data are consistent and reliable.  The 
reported bulk flow rates and temperatures as well as the averaged flow parameters could be 
reproduced, based on the documented parameters and calibration factors. 
The Memorial Tunnel report [5] concluded that the most reliable measurement loop for bulk 
flow is Loop 214 at the northern end of the tunnel.  Review for this work revealed that other 
loops are clearly affected by jet fan and radiation influences on the temperature correction for 
pitot measurements.  Local upstream average velocities are calculated based on the flow rate 
measured at Loop 214 and the local tunnel cross sectional area. 
As an example, Figure 1 illustrates the mass flow rate at the different measurement loops for 
test 611 (50 MW pan fire) at three different times (89 s, 59 s and 29 s) before ignition (0 s) 
when there were no jet fans running and flow was being driven by a natural pressure difference, 
and at several time stamps after ignition (from 856 s to 976 s) when both jet fans and heat were 
affecting readings.   
That plot shows that the mass flow rate before ignition (at cold flow) is nearly constant, as it 
must be by continuity.  However, after ignition, the reported mass flow is not constant, 
indicating increased errors in the measurements and data processing.  It is believed that the 
errors relate to the area-weighted averaging of velocities in combination with blockages and 
stratification, jet fan influences, and radiation effects on the temperatures used to calculate 
velocity from the pitot probes.  
Jet fans were running just upstream of Loops 209 and 207.  Figure 1 suggests that Loops 209 
and 207 were affected by those jet fans.  Mass flow estimation at Loops 304 and 302 appears 
to be influenced by temperature effects.  Beneath the plot of the flow rates, the temperature 
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contour plot of the corresponding test, extracted from the test report [5], shows that upstream 
mass flow anomalies were not due to backlayering (826.5 s after ignition).   
The difficulties with interpreting these data precisely led to temperature readings from the tests 
being the comparison basis for CFD validation.  While they are still subject to radiation close 
to the fire, they are not sensitive to stratification, area-weighted averaging, or jet fans.   

 
Figure 1: The upper plot shows mass flow rate at different measurement loops prior to ignition (89 s, 
59 s and 29 s prior to ignition, all above the axis) and for several time stamps after ignition (826.5 s to 
976.5 s after ignition) for test 611 (50 MW pan fire).  The lower plot depicts the temperature contours 

at 826.5 s after ignition, to illustrate the smoke propagation at that time [5], [6].  

To validate the CFD model for low as well as high fire heat release rates (HRR), pan fire tests 
with HRRs of 10 MW, 50 MW and 100 MW were selected.  The essential case parameters are 
listed in Table 1.  The flow parameters listed are averages over a period when the flow and 
smoke layer were fairly constant.  This allows the comparison of the measured values with a 
steady-state simulation in a reasonable way. 
Table 1. Input and test parameters extracted from the Memorial Tunnel test data [5], [6], [7]for three 
validation cases.  Bulk temperatures are mass-averaged temperatures. 

Parameter Case 1 Case 2 (base) Case 3 
Test number 606A 610 615B 

Elapsed time used for averaging (sec.) 1651 to 
1680.5 191.5 to 281 678.5 to 828.5 

Measured total HRR1(MW) 11.1 54.3 104.6 
Activated jet fan/s JF3 JF2, 5, 8, 11 & 14 JF1, 3, 4, 6, 7 & 9 
Fire pan/s used, according to Figure 2 10 MW 50 MW 50, 30 & 20 MW 
Flow rate - Loop 214 (m³/s) 143.2 148.3 139.8 
Average velocity - Loop 305 (m/s) 2.92 3.00 2.85 
Blockage area at Loop 3053 (m2) [5], [7] 10.2 10.2 10.2 
Free tunnel cross sectional area (m2) 59.9 59.9 59.9 
Average velocity unobstructed tunnel section (m/s) 2.44 2.51 2.38 
Upstream temperature - Loop 214 (°C) 3.6 4.0 6.8 
Upstream temperature - Loop 207 (°C) 8.5 7.3 12.0 
Upstream temperature - Loop 307 (°C) 9.0 7.2 14.8 
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Measured bulk temperature after fire - Loop 302 (°C) 53 190 451 
Measured bulk temperature after fire - Loop 303 (°C) 57 217 475 
Upstream density - Loop 214 (kg/m³) 1.28 1.27 1.26 
Specific heat capacity (kJ/kgK) 1.014 1.044 1.096 
Theoretical bulk temperature after the fire based on 
total HRR(°C) 69 282 554 

Radiative fraction2 (-) 0.21 0.24 0.17 
1 Measured heat release rate corrected by the CO to CO2 ratio to account for non-ideal combustion [5], [6] 
2 Ratio between measured bulk temperature and the theoretical bulk temperature rise resulting from the total 
HRR is assumed to be the radiative fraction. 
3 Value as stated in Section 8.8.4 in the comprehensive test report [5], and in the paper from Kile&Gonzalez [7].  
The fraction of the tunnel area blocked is about 17%, as also reported in the same references. 

3. CFD MODEL 
The CFD validation was carried out by using the simulation software ANSYS Fluent version 
2021 R1 [8], [9], [10].  During the validation process, a fire test with a nominal fire heat release 
rate of 50 MW was chosen as the base case (Case 2 in Table 1) and analysed with two different 
common approaches as to how the fire is represented in the numerical model.  The two methods 
for representing the fire are “volumetric heat source” and “simulation of the combustion 
process” and explained in more detail in Section 3.2.  
To validate against a wide range of fire sizes, the fire representation with the most promising 
results was also applied to simulating 10 MW and 100 MW fire tests.   
As a final step and comparison, the base case validation (50 MW) was also analysed with FDS 
(Fire Dynamic Simulator version 6.7.1) [11], as outlined in Sections 4 and 5.3.   
3.1. Geometry and Computational Mesh 
Geometric parameters were mainly extracted from the test reports [5], [6] to create a detailed 
model of the Memorial Tunnel including the jet fans, fire pans, measurement loops and 
measurement equipment/data acquisition units obstructing part of the tunnel cross section 
around the loops.  Setup sketches and test notes made at the time were also provided by [12], 
to assist in reproducing the size and position of the data acquisition, measurement units, and 
instrument loops.  Unfortunately, the sketches were made when the false ceiling was still in 
place.  However, it has been confirmed that the position and size of the recorded obstacles were 
similar after the ceiling was removed [12].  Also, the reconstruction of the geometry based on 
photos and those sketches confirmed the obstruction area as being 10.2 m² at Loop 305.  As a 
figure of 110 ft² (10.2 m2) is noted for Loop 305 in the test reports [5] and [7].  This is important, 
since the average air velocity at Loop 305 (11.3 m upstream of the fire site centre-line) was 
used as the measure for the critical velocity (about 20% higher than the unobstructed upstream 
average velocity [5], [7]).  In the Memorial Tunnel report, slightly different cross sectional areas 
are stated, ranging from 59.6 m2 to 60.4 m2.  The replication of the tunnel geometry based on 
the plotted tunnel profile with detailed dimensions, as depicted in Figure 2, resulted in a cross-
sectional area of 59.91 m2, which is in the quoted range, has a basis in the records, and was 
therefore adopted.  At the portal sections, the northern and southern central fan rooms limit the 
ceiling height so that the cross-sectional area reduces to 37.1 m2.  The position and size of the 
fire pans was incorporated as shown in Figure 2.  In total, 24 jet fans, each with a flow rate of 
42.95 m3/s and a discharge velocity of 34.2 m/s were installed in banks of three upstream and 
downstream of the fire, as depicted in Figure 3.  Jet fans influence the velocity profile and 
turbulence in the tunnel and so the operating jet fans were also implemented in the CFD model.  
The groups of jet fans downstream of the fire were installed in a later stage of the tests and were 
not relevant to include in the model for the tests analysed.  The total tunnel length from portal 
to portal is 853.75 m.  Location of the measurement loops, as well as of the individual sensors 
in the tunnel profile, are illustrated in Figure 3. 
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(a)  (b) 

Figure 2. Sketches from the Memorial Tunnel report [5], [6].   
(a) Configuration and dimensions of the fire pans used, which were set about 0.76 m above the tunnel 

floor; (b) Memorial Tunnel cross-section with dimensions (looking north). 

 

 

 

(a) (b) 

 

(c) 

Figure 3. Sketches from the Memorial Tunnel report [5], [6].   
(a) Location of the different sensors at the measurement loops (looking north);  

(b) Location and description of the jet fan groups throughout the tunnel.  Jet fans 16 to 24 were 
installed at a later stage of the tests and are not relevant for the cases considered.   

(c) Instrument loop locations, with instrument types at each loop.  
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The whole domain was meshed with polyhedral surface elements in combination with 
hexahedral-core elements.  To resolve the boundary layer at the walls, prism elements were 
created at the solid surfaces (fire pan, instrumentation tree, jet fans etc.).  The element size 
within 40 m of the fire pans ranges from 0.02 to 0.1 m.  Beyond the fire location, the elements 
grow to approximately 0.3 m.  For the jets downstream of the jet fans, a finer mesh with a 
maximum element size of 0.1 m was introduced by means of a conical body of influence.  
The whole domain was meshed with approximately 35 M numerical elements.  Figure 4 
depicts the computational mesh around the fire pans (a) and jet fans (b). 

(a) 

(b) 

Figure 4. Computational mesh: (a) around the fire pans; (b) around jet fan group 5 and Loop 207.  

 
3.2. Simulation Procedure and Methodology 
Simulations were carried out in ANSYS Fluent using a pressure based, steady-state, Reynolds-
averaged Navier-Stokes (RANS) solver with a spatial discretisation method of 2nd order.  The 
realizable k- model with scalable wall function was applied.  This turbulence model was 
developed to more accurately predict the spreading rate of planar and round jets and provides a 
good performance for flows involving rotation, boundary layers under strong adverse pressure 
gradients, separation and recirculation [8], [9].  The turbulence model was selected due to the 
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expected flow behaviour (jet flow at jet fans as well as separation and recirculation around the 
instrument trees), for its robust and efficient performance, and its accuracy.  Buoyancy effects 
of the smoke are fully considered by using the incompressible ideal gas law.  The fire is 
commonly represented with two different approaches as already noted at the beginning of 
Section 3, and further described below.  Both have been tested and compared for test 610 which 
is a 50 MW pan fire (Case 2 in Table 1). 
Volumetric heat source:  The fire is represented as a source of heat and mass without 
simulating the combustion process, as proposed in [13].  In that approach, the heat release rate 
due to combustion is simplified as a volumetric heat source in an adopted fire region.  As the 
heat is released in that region, the generated temperature depends not only on the heat release 
rate, but also on the size and definition of the pre-defined volume.  This is essentially giving 
the model information on the flame size and shape, and the distribution of the release of heat.  
Of course, the size and shape of the flame are not known beforehand, and should be results of 
the model, not inputs, and so the volumetric heat source approach is adding assumptions that 
may not represent the real situation.  For this validation, different (rectangular prism) heat 
source dimensions were analysed, and compared with the test results.  The fuel mass due to 
combustion is considered in an additional mass source term in the continuity equations.  
Eddy-dissipation combustion model:  The combustion process is calculated by means of a 
turbulence-chemistry interaction model based on the work of Magnussen and Hjertager [14].  
The chemical reaction rate is controlled by turbulent mixing and shows an acceptable 
performance for pool fires as suggested in [15].  Owing to the absence of detailed information 
on the combustion reaction, an ideal stoichiometric combustion was adopted.  To reflect the 
Memorial Tunnel fire tests, a fuel oil with a chemical formula of C19H30 was introduced as fuel 
vapor coming from the pan surface.     
Thermal radiation was not simulated for either the volumetric heat source or the eddy-
dissipation combustion model.  Instead, a radiative fraction approach as explained in [13] has 
been adopted, capturing the loss of thermal energy in a gross sense.  This approach assumes 
that the radiative fraction of the total fire heat release rate is lost to the surroundings without 
affecting the temperature distribution within the tunnel.  Particularly in the early stages of any 
fire, that is a reasonable approximation.  The remaining energy heats up the air as it mixes with 
the plume.  The radiative fraction of the individual test cases was estimated by the measured 
fire heat release rate and the bulk temperature downstream of the fire (see Table 1).  The heat 
release rates during the Memorial Tunnel tests were measured through the fuel flow rate of the 
fuel supply pipe and the mass change of the fire pan.  To account for the combustion efficiency, 
the HRR was corrected by the CO to CO2 ratio.  The corrected HRR as listed in Table 1 was 
used for the assessment.  For the eddy-dissipation combustion model, a controller was 
implemented in the simulation, to adjust the fuel mass flow in such a way that the convective 
heat is achieved and maintained throughout the simulation. 
The assumption of ideal combustion, and the radiative fraction approach, both require 
incorporation of an additional mass source.  The simulation allowed for the additional mass 
source, adjusted to be appropriate to the real/factual fuel mass flow. 
As already discussed in Section 2, Loop 214 (see Figure 3) gave the most reliable flow 
measurement during the tests.  Tunnel air mass flow rate as the inlet boundary condition at the 
northern portal was determined based on the measured flow rate and bulk temperature at 
Loop 214.  The air temperature measured just upstream of the fire was usually a few degrees 
higher than at the portal.  This is caused by the tunnel wall temperature being higher than the 
ambient air temperature outside the tunnel.  In order to have the right temperature and velocity 
just upstream of the fire, the mass flow at the northern portal was calculated based on the 
volume flow rate and density (bulk temperature) at Loop 214, but introduced into the tunnel 
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with the higher temperature that was measured just upstream of the fire (~Loop 208).  The wall 
temperature was taken to be similar to the tunnel air temperature just upstream of the fire.  The 
same approach was used for all simulation cases.  
A piecewise-polynomial function for the temperature dependent specific heat capacity for the 
individual species was considered.  The thermal dependency of the thermal conductivity and 
the dynamic viscosity for the individual species were estimated based on Sutherland’s law with 
three coefficients, in combination with a mass-weighted mixing law. 

4. FDS – SIMULATION PARAMETERS 
For comparison with the Fluent validation, an FDS (version 6.7.1) simulation has been carried 
out with a 50 MW fire only (Case 2 as defined in Table 1).  The geometry used for the ANSYS 
Fluent simulations (as described in Section 3.1) was exported as an STL file and imported into 
FDS via PyroSim (Revision 2020.1.0324).  For the mesh, a cell size of 0.1 m x 0.1 m in the 
tunnel cross section, and 0.2 m longitudinally, was used.  In FDS, stepwise representation of 
curved geometries makes it difficult to match the area precisely, such that either the velocity or 
the flow rate will be in error.  The inlet boundary condition at the northern portal was a velocity 
inlet as the right tunnel air velocity is essential for reproducing smoke propagation upstream of 
a tunnel fire.  For the southern (downstream) portal, a default open boundary condition was 
used.  The fire in FDS is represented as a Simple Chemistry Reaction with a fuel-oil composed 
as C19H30 with the fire surface area sitting on the top of the 50 MW fire pan (see Figure 2 and 
Figure 5).  Fire and flow parameters are applied as listed in Table 1 (Case 2).  Turbulence in 
FDS was simulated with VLES (Very Large Eddy Simulation).  The assumptions on the thermal 
radiation and the thermal conditions of the tunnel wall, were the same as discussed in 
Section 3.2.  Jet fans are considered via an HVAC boundary condition with the flow rate as 
given in Section 3.1.  Solver parameters like relaxation factor and velocity tolerance were 
adjusted to stabilize the numerical simulation and increase the accuracy of the pressure solver.  

(a) (b) 
Figure 5.  Representation of the tunnel geometry in FDS with a cell size of 0.1 x 0.1 x 0.2 m. (a) Jet 

fan group 5, looking north.  (b) Fire pans at Loop 205, looking south. 

The FDS simulation encompasses a mesh of 17 million cells and was run on 128 cores over 
3 weeks until it reached nearly steady state conditions.  Even if this is considered as an upper 
limit of a practical usability, the curvatures of the geometry are still not resolved in an accurate 
way, due to the meshing limitations in FDS.  Accurate representation of the geometry is 
important for resolving boundary and shear layers adjacent to the wall, as well as representing 
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the correct flow rate vs. velocity through the tunnel or jet fan.  All of that is regarded as essential 
for an accurate prediction of smoke propagation upstream of a fire. 

5. RESULTS OF THE VALIDATION AND DISCUSSION 
For all simulated validation cases, Figure 6 to Figure 11 compare the bulk temperature along 
the tunnel axis and the temperature profiles over the tunnel height against the corresponding 
test results [5] and [6].  Thermocouple readings at a given elevation are averaged in the 
temperature profiles at the different measurement loops.  The representative elevation area is a 
horizontal slice of the tunnel cross-section around the elevation instruments as specified in [5] 
and [6].  Identical horizontal slices have been used for evaluating the CFD simulations.  For a 
better understanding of the temperature profiles, a contour plot of the temperature through the 
middle of the tunnel around the vicinity of the fire is also given for each case. 
The higher bulk temperature seen in the test data at loops 205, 304, and 303 (close to the fire 
source) in the plots with the bulk temperature along the tunnel, is believed to be related to the 
impact of the thermal radiation on the temperature readings, as noted in [5] and [6].   
5.1. Fluent - Volumetric Heat Source 
The volumetric heat source approach was first analysed for a 50 MW fire on a more simplified 
model with a reduced length of tunnel modelled.  Obstacles were only considered in the vicinity 
of the fire at the Loop 305. 205 and 304 and the influence of jet fans on the velocity profile was 
also neglected.  Fire and input parameters are based on Case 2 as given in Table 1.  The 
simplified model was used to more rapidly analyse and understand the effect of different heat 
source sizes.  The objective of this part of the study was to understand which volumetric heat 
source definition would replicate the smoke stratification and temperature distribution most 
accurately.  The heat source was placed directly above the 50 MW fire pan (see Figure 2, left), 
and the volume was varied by changing the height from 2 m to 2.6 m and 3.0 m.  That 
correspondents to volumetric heat sources of 1.22 MW/m3, 0.94 MW/m3 and 0.81 MW/m3, 
respectively.  To quantify the impact of the simplification (neglecting jet fans etc.), the 
simulation with the 3.0 m heat source was repeated with all relevant details implemented. 
Figure 6 compares the test temperature profiles at the individual instrument loops, against the 
results of the CFD simulations with the different heat source definitions.  The plot below the 
temperature profiles compares the bulk temperatures along the tunnel axis.  A contour plot of 
the temperature through the middle of the tunnel shows the temperature stratification, and gives 
an indication of the upstream propagation of the hot smoke.  
Looking at the test result, the slight temperature increase at the upper part of Loop 305 indicates 
that the tip of the backlayering was close to Loop 305 but did not reach Loop 306 further 
upstream.   
In all cases, the extent of the backlayering was not predicted very accurately, with backlayering 
over-predicted.  Backlayering propensity also depends strongly on the definition of the 
volumetric heat source.  The best result in terms of the backlayering prediction were with the 
2.6 m high heat source, but the temperature tends to be more stratified than observed in the 
tests, with higher flow and temperature along the ceiling (less mixing between smoke and air).  
The latter applies to all cases analysed.  Further cases with heat source heights of 1.8 m, 3.5 m 
and 4.5 m were also analysed, but the predicted backlayering length with the smaller and bigger 
heat source volumes was higher still (further discussion on the more likely position of the 
backlayering at that time of the selected test period is provided in Section 5.2). 
The detailed simulation with the complete tunnel section, all jet fans and obstacles implemented 
did improve the prediction of the upstream smoke propagation but did not improve the accuracy 
of the temperature distribution downstream (see Figure 7).  



- 64 - 

11th International Conference ‘Tunnel Safety and Ventilation’ 2022, Graz 

The volumetric heat source approach is usually very economical, and a robust method to 
simulate tunnel fires, and is therefore often preferred.  However, there is no inherent fire volume 
definition for any scenario, and as the smoke propagation and temperature distribution strongly 
depend on the heat source dimensions, this approach is not recommended for analysing 
confinement or critical velocity in a reliable way.   

Heat source height of 2.0 m 

 
(a) 

(b) 

 
(c) 

 
Heat source height of 2.6 m 

 
(d) 
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(e) 

 
(f) 

 
Heat source height of 3.0 m 

 
(g) 

 
(h) 

 
(i) 

Figure 6. 50 MW validation (Case 2 from Table 1) with volumetric heat source.  Comparison of 
simulation results with test results for test 610: (a), (d) and (g) Bulk temperature along the tunnel axis 

for different heat source heights, (b), (e) and (h) Temperature profiles over the tunnel height for 
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different loops in the vicinity of the fire and for different heights of the heat source, (c), (f) and (i) 
Contour plot of the temperature in °C through the middle of the tunnel and fire pans, for different heat 
source heights.  Temperature is clipped to 400°C for a better visualisation of the temperature layering. 

 

Simplified vs. detailed geometry for a heat source height of 3 m 

 
(a) 

 
(b) 

 
(c) 

Figure 7. 50 MW validation (Case 2 from Table 1) with volumetric heat source height of 3.0 m.  
Comparison of: simulation results with simplified geometry; with detailed geometry; and the test 
results for test 610.  (a) Bulk temperature along the tunnel axis, (b) Temperature profiles over the 

tunnel height for different loops in the vicinity of the fire, (c) Contour plot of the temperature in °C 
through the middle of the tunnel and fire pans.  Temperature is clipped to 400°C for a better 

visualisation of the temperature layering. 

 
5.2. Fluent - Eddy Dissipation Combustion Model 
The simulation with the eddy-dissipation combustion model was carried out for all three 
validation cases listed in Table 1.  Results of the temperature distribution along the tunnel and 
the temperature profiles at the different loops are presented in Figure 8 to Figure 10 for the three 
different fire cases.   
In all cases, the temperature profiles downstream of the fire were predicted with reasonable 
accuracy.  The higher temperature readings of the test data at the upper part of the temperature 
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profile close to the fire (Loops 304 and 303) might be related to the influence of thermal 
radiation on the sensors (see Figure 8 and Figure 9).   
Besides the deviation of the bulk temperature close to the fire (influence due to thermal 
radiation on the temperature sensors during the tests), the bulk temperature at Loop 202 also 
shows a slight deviation, especially at higher downstream temperatures (higher HRR).  
Loop 202 is located in the smaller cross section near the south portal, with the reduced ceiling 
height.  The step change in the cross-section area is just 1.5 m upstream of Loop 202.  This step 
will have created a separation zone and recirculation close to the ceiling.  The difference in bulk 
temperature seen at Loop 202 may be related to the difficulty in turning point measurements of 
velocity and temperature into bulk averages, for such a non-uniform flow.  
The velocity in the tunnel during the Memorial Tunnel tests was adjusted using the jet fans 
installed in the tunnel upstream of the fire.  These jet fans were not speed controlled.  To change 
the air speed in the tunnel, a jet fan could be switched on or off, making the speed control fairly 
coarse.  The buoyancy force and flow resistance of the 10 MW fire are quite low, certainly 
much lower than for a 50 MW or 100 MW fire.  With the coarse control on jet fan forcing, the 
low resistance made it difficult to achieve a steady velocity where backlayering was just 
prevented.  For the tests with low heat release rates, two active jet fans were insufficient to stop 
smoke propagation upstream of the fire, and three jet fans were too strong, so that the 
approaching air velocity was higher than required for preventing backlayering.  The point at 
which backlayering was just prevented was analysed during the velocity change after turning 
the third jet fan on or off.  This made it difficult to accurately determine the critical velocity for 
low heat release rates.  The scatter in the reported data at low HRR reflects this. 
The flow record simulated for test 606A (11.1 MW) was approximately 28 minutes after 
ignition, when the third jet fan was activated.  Before that, smoke was propagating upstream of 
the fire so that the tops of Loops 304, 305, and partly 306, were covered in smoke for more than 
15 minutes.  When the smoke went back towards the fire site briefly (for around 2 minutes), the 
temperature readings show slightly increased values (Figure 8) which may possibly be 
explained by the thermal inertia of the temperature sensors only recently out of the smoke layer. 
Test 610 (54.3 MW) shows backlayering above the deflected flames and plume which stops at 
the front of the first fire pan, just downstream of Loop 305 (see Figure 9).  The sensor 
temperature at Loop 305 might have been increased by thermal radiation, as the instrument tree 
is only 5 m upstream of the fire.  Also, the backlayering was slowly moving forward and 
backward with slight fluctuations in the fire dynamics and local velocity during the test.   
At the beginning of test 615B (104.6 MW), all jet fans were switched off and the smoke was 
propagating in both directions towards the portals.  About 3 minutes after ignition, 6 jet fans 
(as listed in Table 1) were activated so that the smoke was slowly pushed back towards the fire 
site.  After 10 minutes, the upstream tunnel section was free of smoke.  The simulated flow 
record was at around 12 minutes after ignition, just before one of the six jet fans was turned off 
and the upstream smoke propagation started again.  The simulation shows a backlayering of 
smoke which stops just upstream of Loop 305 (see Figure 7).  Looking at the temporal variation 
in the original data, the increased temperature around the ceiling at Loop 306 could be related 
to heated sensors that had been subject to hot smoke for more than 10 minutes and having not 
yet reached equilibrium with the temperature of the fresh air.  It is assumed that the sensor 
readings at the lower part of Loops 305 and 304 are influenced by thermal radiation.  The test 
results indicate that the smoke downstream of the fire was more mixed than is predicted by the 
simulation.  
Based on the observations above, and acknowledging a few uncertainties in the temperature 
readings, it can be concluded that the smoke propagation and temperature distribution can be 
predicted within a reasonable accuracy by the simulation techniques and procedures applied.  
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Most importantly for the present purpose, the smoke extent matches the tests very well for the 
same conditions.  However, it is important to also check other parameters, to see that the critical 
velocity is not correct by an ‘accident’ of compensating errors that may not compensate each 
other in other scenarios.  The temperature profiles away from radiation effects are also predicted 
quite well, giving confidence that the analysis is a reasonable representation of the plume and 
smoke layer dynamics.  That is; the technique is a reasonable tool for exploring critical velocity, 
for cases not dissimilar to the validated cases. 

 
(a) 

 
(b) 

 
(c) 

Figure 8. 11 MW validation (Case 1 from Table 1) with combustion model.  Comparison of simulation 
results with test results for test 606A: (a) Bulk temperature along the tunnel axis, (b) Temperature 
profiles over the tunnel height for different loops in the vicinity of the fire, (c) Contour plot of the 

temperature in °C through the middle of the tunnel and fire pans.  Temperature is clipped to 150°C for 
a better visualisation of the temperature layering. 
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(a) 

 
(b) 

 
(c) 

Figure 9. 54.3 MW validation (Case 2 from Table 1).  Comparison of simulation results with test 
results for test 610:  (a) Bulk temperature along the tunnel axis,  (b) Temperature profiles over the 
tunnel height for different loops in the vicinity of the fire, (c) Contour plot of the temperature in °C 

through the middle of the tunnel and fire pans.  Temperature is clipped to 400°C for a better 
visualisation of the temperature layering. 
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(a) 

 
(b) 

 
(c) 

Figure 10. 105 MW validation (Case 3 from Table 1).  Comparison of simulation results with test 
results for test 615B:  (a) Bulk temperature along the tunnel axis,  (b) Temperature profiles over the 
tunnel height for different loops in the vicinity of the fire, (c) Contour plot of the temperature in °C 

through the middle of the tunnel and fire pans.  Temperature is clipped to 800°C for a better 
visualisation of the temperature layer. 

 
5.3. FDS 
The FDS simulation of Case 2 was run for 600 s.  Smoke propagation was established and was 
almost steady state after 200 s.  The values in the temperature profiles as illustrated in Figure 11 
are averages over a period of 50 s, close to the end of the simulation.  The FDS simulation 
predicts a smoke propagation upstream of the fire of approximately 360 m, whereas the 
simulation with the eddy-dissipation combustion model agrees with the test result, with almost 
no upstream smoke propagation for the 50 MW fire case.  The FDS upstream smoke layer stops 
between Loops 207 and 307, as it is opposed by the running jet fans at JF-Group 5.  Without 
the activated jet fans, the analysis of the simulation results indicates that the backlayering of 
hot smoke gases would propagate upstream even further.  The temperature profile along the 
tunnel axis shows an increased bulk temperature upstream of the fire due to the upstream smoke 
layer.  The bulk temperature at the southern portal (Loop 202) is missing in the plot as it has 
not been recorded during the FDS simulation.  The comparison of the temperature profiles along 
the tunnel height shows that the smoke downstream of the fire is less mixed, which results in 
higher temperatures in the upper part of the tunnel and a more energetic smoke layer. 
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Based on these observations, it can be concluded that the smoke propagation and temperature 
distribution are not predicted within a reasonable accuracy by FDS and the applied simulation 
techniques.  Analysing smoke propagation with FDS as described here would lead to 
overprediction of critical velocity or confinement velocity required for preventing or controlling 
backlayering.   
The poor representation of surface curvatures in FDS compromises efforts to accurately resolve 
and predict the boundary layer adjacent to the wall, which might be one reason for the 
unsatisfying results in the smoke propagation.  Analysing smoke propagation in straight and 
rectangular tunnels may potentially improve the results if the boundary layer adjacent to the 
wall is sufficiently resolved by adequate cell sizes and an appropriate wall function is used.  
However, caution regarding the accuracy of the flow and pressure field in FDS is required, as 
several issues with numerical oscillations in the pressure solver have been reported [16], [17] 
and [18]. 
 

 
(a) 

 
(b) 

 
(c) 

Figure 11. FDS simulation for 50 MW fire (Case 2 from Table 1) after reaching steady state 
conditions.  Comparison of simulation results with test results for test 610: (a) Bulk temperature along 
the tunnel axis, (b) Temperature profiles over the tunnel height for different loops in the vicinity of the 

fire, (c) Contour plot of the temperature in °C through the middle of the tunnel and fire pans.  
Temperature is clipped to 400°C for a better visualisation of the temperature layering. 

 
The current work finds that FDS is not predicting the flow field accurately for tunnel smoke 
control when applying reasonable parameters.  A study for the U.S. Federal Highway 
Administration [19] explored simulation parameter variations that might bring FDS into some 
alignment with known data.  Best agreement with the Memorial Tunnel test data was only 
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achieved by using a volumetric heat source, by making the mesh very coarse (0.4 m), and by 
using unrealistically large wall friction factors (Darcy Weisbach friction factor up to 0.183).  
Problems with volumetric heat sources are that the plume is artificially constrained, and the 
temperatures generated may not be real, as discussed earlier.  Results from a coarse mesh cannot 
be relied on when the results vary strongly with mesh size as clearly demonstrated in [19].  
When using reasonable parameters for wall friction and mesh size in FDS, the FHWA study 
[19] shows a considerable overprediction of backlayering.  While the conclusions of the FHWA 
study imply some utility of FDS for tunnel smoke control when using unreasonable inputs, the 
detail presented supports the current findings.  The FHWA work confirms in a more 
comprehensive way that, using credible simulation parameters, smoke propagation, 
temperature distribution, and the velocity needed for smoke control, are not predicted within a 
reasonable accuracy by FDS. 

6. COMMENTARY AND CONCLUSION 
In this CFD validation study, smoke propagation and temperature distributions for tunnel fires 
were analysed with different fire representations, and compared with the results from the 
Memorial Tunnel test program.   
A volumetric heat source can predict the upstream smoke propagation with reasonable accuracy 
but provides a poor prediction of the temperature distribution downstream of the fire.  However, 
the results are very sensitive to the heat source size.  Without representing the whole flow field 
reasonably, agreement on backlayering may just result from ‘lucky’ tuning of an otherwise 
physically unrealistic approach.  The volumetric heat source approach is not recommended as 
a reliable method.   
The eddy-dissipation combustion model in Fluent represents the smoke propagation and 
temperature distribution with sufficient accuracy for small (10 MW) as well as big (100 MW) 
tunnel fires.   
The results produced with FDS showed a clear overprediction of the upstream smoke 
propagation and also gave an unconvincing representation of the temperature distribution.  
The complexity of the physics and the number of different flow regimes in the critical velocity 
and backlayering problem make reproduction by CFD very challenging.  The answers can be 
very sensitive to input assumptions about which there is no ‘right’ answer (e.g. volumetric heat 
source size), and to modelling approaches, algorithms and coding (FDS, Fluent) as 
demonstrated here.  Without a comparable validation case, the CFD cannot be relied on for 
design of tunnel smoke control. 
The work done establishes a clear method for using CFD to design smoke control in the 
Memorial Tunnel.  That is not directly useful, as the Memorial Tunnel is already designed, 
built, operated, de-commissioned, and tested for critical velocity.  The question is how widely 
the above method can be applied to the design of new tunnels.  The non-committal answer is 
that the method will be useful where the physics is sufficiently similar to that in the Memorial 
Tunnel tests.  That probably means that is good for fires of 10 MW to 100 MW in all road 
tunnels designed for truck traffic (reasonably high clearance).   
The validation was done for pool fires only.  Whether the applied combustion technique can be 
stretched to other fire types e.g. solid fuel fires, fires with considerable obstructions, battery 
fires etc. might require further validation.  Furthermore, the approach is for fires with a 
reasonable duration (approximately 20 to 30 minutes).  Tunnel wall parameters would need to 
be re-evaluated when analysing smoke propagation for fires with a longer period than that.  The 
same applies for tunnels with fire board on the walls or any other cover on the wall that limits 
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the heat transfer.  Especially for analysing long-lasting fires, a transient simulation might be 
required to evaluate the influence of wall heating on the smoke propagation.   
It is not clear that the smoke flow regimes in a wide tunnel are physically different to 
propagation of a smoke layer in a standard tunnel, such that a change in turbulence or 
combustion models would be called for.  It seems likely that the CFD techniques presented here 
would have some usefulness for a very wide tunnel.  
One case where some greater caution might be required is in tunnels where a ceiling velocity 
deficit is created by a proliferation of fittings (signs, lights, cable trays) above the traffic 
space.  It seems possible that there could be unexpected interactions between smoke and a 
highly non-uniform velocity profile which requires an accurate representation of the vortices 
and turbulence induced. 
The authors’ view is that validation of the CFD system of (analyst + software + model choices) 
is likely to provide for a far better way of extrapolating from known test results to a particular 
tunnel, than is offered by any of the formulae past or present for critical velocity.  There are no 
credible formulae for confinement velocity. 
Conversely, unvalidated CFD can readily give either incorrect results, or for a more skilled 
analyst, whatever result the analyst wants.  Unvalidated CFD should not be used for designing 
tunnel smoke control.   
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ABSTRACT 
Designing the ventilation of a road tunnel is a demanding process, as it requires considering 
many aspects. Usually, the ventilation system, devices, and location of the elements are selected 
based on legal regulations and appropriate guidelines. Nonetheless, it should not be forgotten 
that each road tunnel is an individual case. The designer’s main goal is to ensure safe and 
comfortable conditions for users. The analysis includes the operation of the ventilation system 
in a road tunnel for standard conditions and the case of emergency (occurrence of fire). In the 
study, VentSim software is used. Using this software allows simulating the flow of air during 
both normal operation and fire conditions. The paper presents the methodology of designing 
the ventilation system and the carried-out simulations. Based on the results, the operating 
parameters of the system and its individual components were determined. The model was 
prepared based on the construction concept, meteorological data for the surroundings, traffic 
forecasts, and traffic analysis for nearby areas. As the analysis shows, the use of numerical 
simulation makes it possible to predict airflow for changing conditions, which highly simplifies 
the designing process and increases the safety of tunnel users.  

Keywords: ventilation system, road tunnel, fire, safety. 

1. INTRODUCTION

In recent years around the world, numerous new road infrastructure investments have been 
realized or planned. Frequently in such projects, an issue of overcoming terrain obstacles 
occurs, including mountains, water reservoirs, and highly urbanized areas. Consequently, it is 
associated with the construction of new engineering facilities, including tunnels. Increasing 
needs and technical possibilities results in the construction of more and more modern tunnel 
facilities. There are several thousand road tunnels in operation around the world. They differ in 
length, width, construction method, and type of traffic.   

During the fire, heat, smoke, and toxic products are generated, which may cause material 
damage and loss of health or even life of tunnel users.  Heat is the cause of damage to the 
structure and technical installations in the tunnel. A primary hazard to people is the loss of 
visibility caused by smoke (which makes rescue more difficult) and the toxicity of fire gases. 
Similarly, fires pose a threat to the environment by emitting toxic smoke components into the 
atmosphere [1]. In terms of safety, the essential and crucial equipment of the tunnel is its 
ventilation system. The main tasks of the ventilation are to control airflow, remove fire smoke 
and gases, and enable the safe rescue of tunnel users [2]. The amount of generated smoke and 
heat depends on the size of the fire. It is assumed that the production of smoke and heat is 
proportional to the size of the fire, where smoke and gases are the product of incomplete 
combustion, and the amount of their emission depends on the combustion mechanism of 
materials. The larger the size of the fire, the more combustion products are generated. Therefore 
a larger airflow rate is needed to control the flow and remove smoke and hot gases [3]. 
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This article presents ventilation systems for road tunnels when functioning in normal operating 
mode and during the fire.  

2. CHARACTERISTICS OF FIRE DEVELOPMENT IN A ROAD TUNNEL  

When a fire incident occurs, ventilation in the tunnel is started up in the so-called fire mode. 
The role of the system is to provide a controlled flow of smoke and fire gases in the tunnel and 
to discharge them outside the tunnel. The creation of a controlled flow of smoke and fire gases 
allows the evacuation of users with minimal smoke contamination of escape routes, preventing 
smoke intrusion to the access routes for rescue teams leading to the place of the incident. 
Typically, one ventilation system is used in tunnels for normal operation, emergency 
conditions, as well as in fire conditions. Nevertheless, for each operating mode, different 
ventilation system parameters are provided. 

For tunnel ventilation, both natural and mechanical methods are used. In the light of the 
regulations in force in Poland, natural ventilation is used in tunnels of not more than 700 m in 
length for unidirectional traffic. For natural-ventilated tunnels with bidirectional traffic, the 
length of the tunnel should not exceed 500 m [4]. A limitation in the use of natural ventilation 
in fire conditions is the risk of an uncontrolled process of fire gas flow. According to NFPA 
[2], three types of mechanical tunnel ventilation could be distinguished, i.e., longitudinal, 
transverse, and mixed systems. Whereas, Directive [5] introduces the division of mechanical 
ventilation systems into longitudinal, semi-transverse and transverse. In longitudinal ventilation 
systems, the air flows along the tunnel, usually from the inlet portal to the outlet portal. The air 
movement is forced by the operation of fans located inside the tunnel, e.g., jet fans suspended 
under the tunnel ceiling or fans installed in the supply and exhaust shafts. Typically, 
longitudinal ventilation is designed, with axial fans arranged inside the tunnel every 60-120 m. 
This solution does not require routing of ventilation ducts under the roadway or tunnel ceiling.  
The fans are to ensure smoke removal over the entire length of the tunnel, and speed of air flow 
through the tunnel should prevent smoke backflow by providing so-called critical speed. 
Transverse ventilation is used in long tunnels with heavy traffic, as it allows even distribution 
of air along the entire length of the tunnel and removal of solid and gaseous pollutants emitted 
by the vehicles. This solution requires routing supply ducts inside the tunnel, usually under the 
tunnel roadway, and the gas stream is removed through a ventilation duct located under the 
tunnel's ceiling. In such a ventilation system, air is supplied at the height of vehicle wheels and 
discharged under the ceiling of the tunnel. Mixed (semi-transverse) ventilation is a combination 
of transverse and longitudinal ventilation. Ventilation systems in road tunnels are designed for 
maximum fire power. Figure 1 shows the principle of operation of the longitudinal and 
transverse systems during a fire. 

 
Figure 1: Ventilation of the road tunnels (a) longitudinal system (b) transverse ventilation 
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3. ANALYSIS OF SELECTED ROAD TUNNEL - CASE STUDY 

 Assumptions for calculations  
The subject of the analysis in the article is the concept of technical equipment in the ventilation 
system of the TS-33.7 tunnel on the S6 road. The cross-sections of the ventilation ducts were 
adopted according to the assumptions presented in Figure 2.  

 
Figure 2: Division of the tunnel cross-section into ventilation ducts 

The transverse ventilation system works based on separated functional channels (table 1): 

 Smoke exhaust duct K-1 located under the main ceiling. During normal operation, it is 
used for exhaust gas extraction along the entire length of the tunnel. During the fire and 
rescue operation, it allows for the removal of hot air and smoke from the section covered 
by the fire. 

 The main tunnel K-2. It is the central space of the tunnel, used to guide vehicle traffic, 
divided into smoke removal sections with ceiling flaps 

 Clean air duct K-3. The duct underneath the roadway supplies clean air into the main 
tunnel K-2 space. The air flows through the duct under the road and is further distributed 
using transverse ducts with outlets at a height of about 20 cm above the pavement. 

Table 1. Characteristic parameters of the ducts/tunnels: 

Duct/ 
tunnel Cross-sectional area, m2 Length, m Volume, m3 

K-1 23,7 5230  123 951 
K-2 79,3 5330 422 669 
K-3 36,5 5230 190 895 

 

VentSim DESIGN software provided by Howden company was used in this study. Software is 
a comprehensive package for the design and analysis of mine and tunnel ventilation systems. 
During the design phase, VentSim enables 3D modeling of the ventilation system, ensuring an 
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understanding of possible solutions. The system performance could be simulated based on 
expected operating conditions and evaluated to allow for the selection of an optimized design. 
The mapping of the cross-sectional area for each part was prepared using the Ventsim DESIGN 
software. Details are presented below in Table 2. For individual cross-sections, the airflow 
resistance of the ducts was assumed. 

Table 2. Mapping of ducts/tunnels 

Duct Cross-section Cross-sectional 
area, m2 Details 

K1 

 

23,7 m2 R= 0,0090 kg/m7 
Concrete duct 

K2 

 

79,3 m2 
R= 0,0419 kg/m7 

Concrete tunnel with 
"blocked" car traffic 

K3 36,5 m2 R= 0,0150 kg/m7 
Irregular duct 

 

The view of the duct connection in the ventilation system model in Ventsim Design is shown 
in Figure 3. Figure 4 shows the entire model of the road tunnel.  

  
Figure 3: Arrangement of ventilation ducts in the model in the Ventsim Design software 
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Figure 4: Tunnel model in Ventsim Design software 

 

The view of the ventilation ducts and the mapping of the fan stations are shown in figure 5.  

 
Figure 5: Mapping of ventilation ducts and stations in fans in the Ventsim Design software  

The calculations were carried out assuming that the temperature in the summer period is 23 oC 
and for the winter period it is -3 oC. It results from the location of the tunnel. Additionally, west 
wind with a maximum value of 10 m / s was assumed, which generates a pressure thrust on the 
portal of 50 Pa. 

 Calculations of ventilation parameters   
The results of calculations of the airflow and velocity as well as the pressure distribution in the 
tunnel are shown in Figure 6. The figures show asymmetry in the air distribution and pressure 
distribution in the tunnel due to the effect of wind. The westerly wind was considered with a 
barometric pressure difference of 50 Pa between the tunnel inlets. 
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Figure 6: Changes in airflow and velocity, and total pressure distribution in Ventsim Design software  

The results of the fan parameters calculation for the airstream of 260 m3/s in the K1 and K3 
ducts are shown in Table 3.  

Table 3: Calculations of the parameters of ventilation ducts 

System Airflow of 
fans 

Flow resistance Total 
pressure 

Summary 

Duct K-3 
(Supply 
ventilation) 

4 x 65 m3/s  
(2 fans on 
each side of 
the tunnel) 

Pressure loss in 
ducts: 270 Pa 

Pressure loss on 
silencers and outlets: 

300 Pa (assumed) 

Pc = 570 Pa 
+ 30 % 
= 740 Pa 

740 Pa  
(at 80% of total 
stagnation pressure) 
the volume rate is 65 
m3/s each 

Duct K-1 
(Exhaust 
ventilation) 

6 x 44,3 m3/s  
(3 fans on 
each side of 
the tunnel) 

Pressure loss  in 
ducts: 816 Pa 
Pressure loss on 
silencers and outlets: 
300 Pa (assumed) 

Pc = 1116 Pa 
+ 30 % 
= 1450 Pa 

1450 Pa  
(at 80% of total 
stagnation pressure) 
the volume rate is 
44,3 m3/s each 

 

The calculations show that for the amount of air which is 260 m3/s, the maximum pressure loss 
in the K-3 supply duct is 740 Pa. On the other hand, the maximum pressure loss in the K-1 
exhaust duct is 1450 Pa. 

 Ventilation analysis for a fire located in the middle of the tunnel (13th section)  
A scenario was assumed in which a gasoline tanker accident occurs:  

 0 min - 5 min - Start of fire - burning gasoline at a rate of 0 to 8300 kg/h, 
 5 min - 2 hours and 5 min - constant fire - burning gasoline at the rate of 8300 kg/h,  
 Peak fire heat release rate: 101 kW, 
 The calculations for 2 open fire dampers,  
 The calculations for airflow rate: 260 m3/s.  

Figure 7 shows the location of the fire in the middle of the tunnel for section 13. Figures 8 and 
9 show the changes in power and temperature of the fire and changes in the volume rate of air 
in the ventilation duct exhausting fire fumes, respectively. The performed calculations 
confirmed the parameters of the designed road tunnel ventilation system. 
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Figure 7: Location of a fire in a tunnel in Ventsim Design 

 

  
Figure 8: The power of the fire and the temperature changes in the fire location over time 

 
Figure 9: Airflow rate distribution (volume flow) in the exhaust air duct K1.  

4. SUMMARY AND CONCLUSION 

Regardless of the ventilation system used, the parameters of this system are designed for 
maximum firepower, taking into account the emission of fire gases produced. The properly 
designed ventilation system should provide a controlled flow of smoke and fire gases as well 
as discharge them outside the tunnel. Two primary concepts of fire ventilation solutions are 
used for these aims. Longitudinal flow is mostly applied for short or unidirectional tunnels, 

FIRE 
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while exhaust ducts are for long and bidirectional tunnels. In Polish conditions, tunnels are 
usually built as twin-tube tunnels, which allows for unidirectional traffic. The only exceptions 
are two tunnels: Emilia (in operation) and under Świnna (under construction), which were 
designed as bidirectional. 

In summarizing, it is observed that designers prefer longitudinal ventilation, which is the most 
likely applied (if the regulations allow it). In the case of the long tunnels where the lengths do 
not exceed 3000 m, it is proposed to use semi-transverse ventilation with air supply through the 
ducts under the roadway and air discharge through the tunnel using jet fans installed under the 
tunnel ceiling. Such solutions are dictated by economic considerations because the installation 
of longitudinal or semi-transverse ventilation is less expensive than the installation of fully 
transverse ventilation.  

Of course, the implementation of each of the proposed solutions should be adjusted individually 
to the designed tunnel. Hence, it is necessary to confirm the correctness of the proposed solution 
in terms of ensuring safe conditions of operation. As the analysis shows, the use of Ventsim 
Design software allows for determining the parameters of the road tunnel ventilation system 
and checking its operation during a fire. The occurrence of a fire is the most important test for 
the designed system. Therefore, checking the operation in this mode is crucial. Based on the 
simulation, it is possible to determine whether the proposed airflow rate and selected fans could 
provide the appropriate conditions and meet the assumed requirements. 
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ON HEAT TRANSFER COEFFICIENTS AND TEMPERATURE 
DISTRIBUTION IN LONGITUDINALLY VENTILATED TUNNEL 

FIRES  

1Milan B. Šekularac  
1University of Montenegro, Mechanical Engineering faculty(MNE) 

ABSTRACT 
Various approximate methods, and guidelines, are followed by tunnel-ventilation designers in 
the process of sizing the ventilation system. Of particular importance are the heat transfer 
coefficients used in prediction of the temperature distribution during a fire event. This strongly 
affects the ventilation exerted trust, and induces a chimney-effect pressure in sloped tunnels. 
For this purpose, a one-dimensional numerical solution approach is used in this work to evaluate 
their values. In addition, processing of a selected tunnel-fire-test from the literature data is also 
used in order assess the heat transfer coefficients values from realistic fire-tests. The results are 
discussed for final conclusions. 

Keywords: longitudinal tunnel ventilation sizing, fire scenario, transient heat transfer, 
convection, radiation, conduction, heat transfer coefficients, chimney effect 

Nomenclature 

a – thermal diffusivity (m2/s) 

A– area of tunnel cross-section (m2) 

cp– specific heat of the gas mixture, at a constant pressure (J/kgK) 

Dh – hydraulic diameter, 4A/P 

fD – Darcy friction coefficient (-) 

F – view factor for radiative heat transfer, 

h  – coefficient of heat transfer (W/m2 K) 

m – mass flow rate (kg/s) 

n – exponent in the Nusselt number correlation 
Nu – Nusselt number, hDh/k 

Pr – Prandtl number, ν/a 

P– perimeter of the tunnel cross-section (m) 

p – pressure (Pa) 
.

Q – fire heat release rate (W)

Re – Reynolds number, uDh/ν

s – tunnel slope (%) 

St – Stanton number, Nu/(RePr) 

DOI: 10.3217/978-3-85125-883-7-11
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T– temperature (K) 

u – averaged velocity of the gas mixture (m/s)   

y  – wall-normal coordinate 

 

Greek symbols 

λ – heat conduction coefficient (W/mK) 

𝜙 – heat flux transferred to the tunnel wall (W/m2) 

ρ – average density of the gas mixture (kg/m3),  

ν – kinematic viscosity (m2/s), 

ε – coefficient of emission,  

σ– Stefan–Boltzmann constant (W/m2K) 

 

Subscripts 

a – air 

avg –averaged value over the tunnel cross-section 

c – convection 

cc – convection + conduction 

ch – chimney 

cr – convection + radiation 

crc – convection + radiation + conduction 

m – mean value over the tunnel length 

r – radiation 

w – wall 

1. INTRODUCTION 

The critical regime for longitudinal ventilation system sizing, appears at approx. 15 min 
after fire onset, when the evacuation of tunnel users is over and fire-suppression and extinction 
by the fire brigade commences. Of particular importance is the ability to calculate the 
distribution of the gas-average temperature (at cross section) along the tunnel, at that point in 
time. The gas-average temperature distribution affects ventilation sizing by: gas acceleration 
along the tunnel that increases wall friction losses; the chimney-effect is induced in sloped 
tunnels; the ventilation thrust deteriorates due to a reduced gas density, i.e. mass flow through 
the fans. 

Attention in this paper is given to the heat transfer coefficients, their proper definition, 
calculation and use in ventilation sizing, which seems overlooked in literature. Thus, a topic 
where the designer might encounter some difficulty. To this end, a one-dimensional numerical 
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approach is used, preceded by an assessment on proper use of literature data and heat transfer 
formulae. In addition, an assessment resulting from processing the literature-available 
measurement-data obtained during a real-scale-tunnel fire-test, is given.  

The energy equation of the gas stream in the tunnel can be written in the form [1], [2]: 
          െ𝑚ሶ 𝑐௣

ଵ

௉

ௗ்ೌ ೡ೒

ௗ௫
ൌ 𝑞ሶ௖" ൅ 𝑞ሶ௥"                        (1) 

where 𝑞ሶ௖"  = ℎ௖൫𝑇௔௩௚ െ 𝑇௪൯, and 𝑞ሶ௥" ൌ  𝐹𝜎൫𝜖௚𝑇௔௩௚
ସ െ 𝛼௚𝑇௪

ସ൯, are local convective and radiative heat 
transfer rate fluxes from the gas to the tunnel wall, respectively, in [W/m2], [2],[3], whereas 
conduction heat flux inside the wall, in the wall-normal direction y, is: 𝑞ሶ௖௢௡ௗ

"  = െ𝜆ሺ∂𝑇௪/𝜕𝑦ሻ. We 
can define heat transfer coefficients accounting for: hc - convection only, hr - radiation only, the 
hcr - joint convection-radiation (each related to the gas-average to wall-surface temperature 
difference), and an overall-heat-transfer coefficient (convection-radiation-conduction), hcrc 
(related to gas-to-rock massive temperature diff.), where the undisturbed wall (rock-mass) 
temperature T∞ is used. Thus, these definitions read: 
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For example, in the literature approaches, the following approximate solutions for the 
temperature distribution and the chimney-pressure-effect, for use with hcrc,m only, can be found 
[2], [4],[5],[6], in the form:  
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    (5), 

where: HRR is the heat-release-rate of the fire, L-affected length, P-tunnel perimeter, s-tunnel 
slope, 𝜂௥ (in the range: 2/3 - 3/4) is the portion of the HRR available past the local (flame-to-
wall) radiative HRR loss, and the index m is added in this work to the overall-heat-transfer 
coefficient hcrc to denote its mean value over the considered fire-affected length L. One can 
assume the cold flow air temperature Ta and 𝑇ஶ (rock massive undisturbed temperature) to be 
approx. equal - these were further denoted jointly as T0.  

2. ANALYSIS OF DATA 

 The following input data, corresponding to a typical horseshoe-shape cross-section 2-lane 
highway road-tunnel were used as a generic-tunnel numerical example, Table 1. 

Table 1: Input data for a generic road-tunnel case computed numerically 
Tunnel 
cross 

section 
area  

At [m2] 

Considered 
tunnel 
length 
Lt [m] 

Dh 
Tunnel 

hydraulic 
diameter[m] 

 
Inflow air 
velocity: 
ucr [m/s] 

 
HRRmax 
[MW] 

Effective 
Darcy 

friction 
factor fD 

 
Tunnel wall 

thermal 
properties 

 
55.1 

 
800 

 
7.7 

 
3 

 
50 

 
0.0275 

λ=1.65 W/mK 
ρ=2400 kg/m3 

c = 920 J/kgK 
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 The HRR(t) time-dependence is taken from [2]: a linear increase over 10 min time (0 to 
HRRmax), followed by a constant max. value over 10 min time, and a linear decrease back to 
zero over additional 10 min. A numerical simulation time of 15 min from the fire-onset was 
selected for the computation presented in sec.2.1., as discussed in the introduction. 

 One-dimensional numerical solution of the generic example 
A transient distribution of tunnel’s cross-section flow-averaged variables (density, 

temperature, pressure, velocity in the tunnel-axis direction) are numerically computed by 
solving 1D continuity, momentum and energy differential equations of flow using a specialized 
software package [7], without simplifications required for simplified solutions. Thus, the results 
can be considered reliable, and its purpose is to serve designers in sizing of the ventilation 
systems. To this end, it computes the transient temperature distribution of the tunnel wall 
numerically. The wall temperature is considered as locally dependent on wall normal coordinate 
and time only, but the solution is carried out independently at numerical locations spread along 
the tunnel axis x, spanning the considered tunnel length. The details of the governing numerical 
model, discretization and the solution procedures can be found in [7]. The heat convection 
coefficient in this numerical procedure is calculated using Petukhov equation with the user-
input of Darcy (Moody-chart) friction factor fD value. The heat radiation is accounted for by 
means of an equivalent heat transfer coefficient hr, eq.(2.b). The variables are obtained as cross-
section averages, functions of time and the x-distance. The computed distributions are given in 
Fig.1. 

 
a)                                                            b) 

Fig.1. Numerically computed results for the generic-tunnel example in Table1: a) Gas-average 
and wall-average temperatures, Tavg(x), Tw(x), b) Heat transfer coefficients: hc, hr, hcr, hcrc 

In Table 2. the mean values for the heat transfer coefficients are given. They are defined 
as:  
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ಽ
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                                                        (7) 

Table 2: Computed mean values of heat-transfer coefficients for the generic road-tunnel numerical case  

HRR hc,m hr,m hcr,m hcrc,m 
50 MW 13.7 7.53 21.33 16.1 
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 Literature predictions for the friction factor fD and the convective coefficient hc  
Comparisons given bellow are for the same generic-tunnel example used in sec.2.1. 

(fluid properties: Pr=0.7, T0=288K, Tm=98°C=372K: ν=2.2986∙10-5 m2/s, λam=0.0316 W/mK). 
The velocity and the resulting Re numbers, obtained by use of linear-mean or true mean value 
for gas temperature (~98°C vs ~70°C, respectively), are: um = 3.87 │ 3.57, respectively, and 
Re: 1.31∙106 │1.33∙106. The cold airstream approaching the fire has a Re value: 1.57∙106. 

Civil engineering literature provides values for concrete tunnel-wall absolute roughness: 
~3-9 mm, thus the Darcy friction factor values, at the Re number given above (Re≈1.33∙106) by 
Moody-chart based predictions are: fD = 0.011 │0.016 │0.020, for: smooth, minimally rough, 
maximally rough tubes, respectively. However, the common understanding [8], [9] for cast-
concrete-lining traffic-tunnels is that the effective value of the Darcy friction factor fD is of the 
order ≈0.025-0.030, based on real-scale experiments, at Re numbers of interest (critical velocity 
for smoke control, or higher). A value of fD=0.0275 is selected and used further as input-data 
value for all the calculations in this paper, of the generic-tunnel example-case. With rock / 
sprayed-concrete tunnel linings, fD can reach much higher values, which will be discussed later.    

2.2.1. Smooth-tube tunnel convection coefficient hc,s values 

The following values can be obtained by using literature correlations [3], [10]: 
General formula:        hc,s = 0.0265∙Rem0.8∙Pr0.333 ∙ λam /Dh = ………...........= 7.58 W/m2K    (8) 
Sieder-Tate formula:  hc,s = 0.027∙Rem0.8∙Pr0.3 ∙ λam /Dh ∙(νm/ν)0.14 ...............= 8.11 W/m2K    (9) 
Newman formula:      hc,s = 0.026∙Rem-0.2∙(1 + (Dh/1500)0.7)∙1.2∙1010∙um = 7.48 W/m2K  (10) 

Petukhov:                    ℎ௖,௦ ൌ
೑ವ
ఴ

௖೛ఘ௨

ଵ.଴଻ାଵଶ.଻ቆ௉௥
మ
యିଵቇට೑ವ

ఴ

 =  ………………………….= 5.03 W/m2K   (11) 

2.2.2 Rough-wall tunnel heat convection coefficient hc,r 

The tunnel-ventilation designer can either use the Petukhov formula, with the 
appropriate friction factor fD value, which here the previously adopted value is fD=0.0275, and 
obtain: hc =13.7 W/m2K. Otherwise, one can use a specific formula by Norris [10], based on 
forced-convection experiments in rough-wall tubes, eq. (12). This formula gives a prediction 
for rough-tube forced convection coefficient as a function of its value in the smooth-tube flow 
at the same Re number, and the ratio of Darcy friction factor values (for rough vs. smooth tube-
wall), in the form:  

ℎ௖,௥௢ ൌ ℎ௖,௦௠ ൬
௙ವ,ೝ೚

௙ವ,ೞ೘
൰

௡
, 𝑛 ൌ 0.68 ∙ 𝑃𝑟଴.ଶଵହ   (12) 

with:  hc,sm - the convective heat transfer coefficient for smooth-tube flow, fD,ro / fD,sm - a ratio of 
friction factors (both at the same Re number), n - the exponent depending on the fluid’s Prandtl 
number (here further taken as 0.7, thus n = 0.6298). With an important note [10] that there is 
an upper limit for the formula eq.(12), occurring at the value of roughness which produces the 
Darcy friction factor 4 times higher than its smooth-tube-flow variant at the same Re number. 
A further increase of tube roughness above that value does not result in increase of hc. This 
means that for fluid properties approx. equal to air (Pr=0.7), a maximum increase factor for hc 
due to friction (rougher walls) is of the order: ∙2.394 or by 140%, compared to the smooth wall. 
For the generic-tunnel used here, such limit would be encountered at fD,ro = 4∙fD,sm ≈ 0.044.  
Depending on the formula one adopts to calculate the smooth tube case (the Sieder-Tate, the 
Petukhov, or the Newman formula), the following hc value result for the rough-wall case, using 
the generic-tunnel example input-data:  hc,ro = 14.45 │ 8.97 │ 13.32 W/m2K, respectively, by 
the use of Norris formula, eq.(12). It is worth noting the effect that the surface roughness, and 
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the selected formula, plays on hc, within the range of fD values relevant in tunnel ventilation. 
Using input data for the generic-tunnel example, the following result is obtained, Fig.2. 

 
Fig.2. Effect of the Darcy friction factor fD on hc [W/m2K] value in the relevant fD range 
according to the limit by Norris (fD,sm - 4fD,sm) [10], for the generic-tunnel example-data 

(fD,sm=0.0111, u=3 m/s, Dh=7.7m, HRR=50MW, Tref=0.5(Tavg,max+T0)=372K) 

A different formula for smoke-to-ceiling convection coefficient hc in fire-engineering was used 
by Zhao et al. [11], to evaluate convection between hot smoke layer and walls but it should be 
used with a modified wet perimeter value of the smoke layer only and will not be discussed 
here. 

 Analasys of a real-scale tunel-fire test data 
The data selected correspond to literature-available tunnel-fire test in Norway, 

(“Runehamar” tunnel) [5]. Conclusions from processing the 70MW and 120MW HRR-value 
data will be analysed here only. The data correspond to approx. 15-20 min of time from the fire 
onset. For the 70 MW case, the relevant reported data [5]: HRRmax=70MW,  P(0-53m)=22m, 
P(53-L)=27m and Dh≈7m, intial u0 ≈ 3.15 m/s but reduces upon fire development to u0 ~2.5m/s, 
fluid properties at Tm=436 K (ν = 30.31∙10-6 m2/s , λam = 0.0363 W/mK), fD,sm = 0.01145,  fD,ro 

= 0.0585 (thus > 4fD,sm = 0.04575), and estimated wall-temperature in fire-near area >~100°C. 
The very high relative roughness of the walls (average absolute roughness over 300mm) where 
these tests were taken, resulted in a reported Darcy friction factor value: fD,r=0.0585. Data from 
these tests are available as temperatures measured at two different heights above road surface, 
TL and TC, along the tunnel length, which allowed to calculate the estimate for the average-
temperature Tavg(x) in this work.  

2.3.1. Analysis of the fire-test data and the heat transfer coefficients hc, hr, hcr, hcrc 
 

The following values for hc, as the literature-based prediction values, in 70 MW fire-test 
were obtained: Petukhov (smooth tube vs rough tube) case: 8.11 │36.29 W/m2K; Norris (with 
Petukhov for hc,sm): 19.41  W/m2K, and Norris (with Sieder-Tate for hc,sm): 21.47  W/m2K. The 
rough-wall value obtained using Petukhov formula is hardly valid, since the limit fD,ro =0.0585 
> 4fD,sm = 0.04575, given by Norris eq.(10), is met. Thus, the latter two values obtained by use 
of Norris formula are recommended: 19.41│21.47 W/m2K. For the overall heat transfer 
coefficient hcrc,m, a best-fit interpolation value of ~25 W/m2K was proposed by Ingason in [5], 
along with use of ηr value 2/3, for use in the approximate-type solutions, eqs.(2)-(3), [2], [5]. 

Using the above computed hc,ro value 21.47 W/m2K further, the temperature-data 
processing was carried out to estimate the heat transfer coefficients: hc, hr, hcr, hcrc, their 
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distribution along the tunnel, and their mean values, at the time of the measurements (~15-20 
min from fire onset). Ceiling height in this test-tunnel was ≈6m, and temperature measurements 
were done at: 1.8m (TL) above road and 0.3m under ceiling (TC). Assuming local gas velocity 
to adhere to the relationship u=u0T/T0  [1],[2], using ideal-gas equation of state, ρ=ρ0T0/T, 
assuming a roughly linear variation of gas temperature with height, one can obtain an 
interpolated value estimate for Tavg(x). The temperature measurement was not available from 
these tests near the maximum-temperature location (fire-site). But, since Tavg(x) must initiate 
from a thermodynamically-constrained Tavg,max value, using a recomended radiative loss factor 
ηr =2/3, 𝑇௔௩௚,௠௔௫ ൌ 𝑇଴ ൅

ఎೝ∙ுோோ

௠ሶ ௖೛
 , the interpolated Tavg(x) distributions are obtained from the fire-

site downstream, and shown in Fig.3.a using ηr = 1│3/4│2/3 value. 
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a)                                                                     b) 

Fig.3. The 70 MW fire-test data processing: a) interpolations for Tavg(x), step (°1) of the 
procedure below, b) local heat flux 𝑞ሶ " processing, steps (°2) and (°3). 

Using further ηr =2/3, data were further processed according to the following algorithm: 

1) The rate of change of interpolated Tavg(x) with x is determined numerically: dTavg/dx; 
2) The local heat flux, 𝑞ሶ " [W/m2] is computed as: 𝑞ሶ "ሺ𝑥ሻ ൌ 𝜌଴𝑢଴𝐴௧

ௗ்ೌ ೡ೒

ௗ௫
  [W/m2]; 

3) An interpolated (smooth) distribution of measured 𝑞ሶ௠௘௔௦
"  is obtained by a polynomial 

interpolation through the 𝑞ሶ "ሺ𝑥ሻ result of step (°2), Fig.3.b, and used further; 
4) A corrected (smooth) distribution of Tavg(x) is obtained by integrating back the 

𝑞ሶ௠௘௔௦
" with respect to x, and used further, Fig.4.a; 

5) The average wall temperature Tw at x, which must comply to: T0 < Tw(x) < Tavg(x) is 
reconstructed iteratively by an algorithm which minimises the difference between the 
local 𝑞ሶ௠௘௔௦

" ሺ𝑥ሻ (experiment-data based heat-flux) and the calculated local heat flux 
𝑞ሶ௖௔௟௖

" ሺ𝑥ሻ determined from: 𝑞ሶ௖௔௟௖
" ൌ ℎ௖൫𝑇௔௩௚ െ 𝑇௪൯ ൅ 𝐹ଵଶ𝜎൫𝜖௚𝑇௔௩௚

ସ െ 𝛼௚𝑇௪
ସ൯. 

The results for the 𝑞ሶ "(x), Tavg(x), and the iteratively-computed Tw(x), along with a relative-error 
in Tw(x)-determination, expressed as a relative difference between ሺ𝑞ሶ௠௘௔௦

" െ 𝑞ሶ௖௔௟௖
" ሻ/𝑞ሶ௠௘௔௦

"  [%], are 
plotted together in Fig.4.b. 
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                         a)                                                                      b) 

Fig.4. 70 MW fire-test processed data: a) Interpolated Tavg(x), using ηr=2/3, and the 
measurements TL, TC, step (°4); b) The distributions of Tavg(x), Tw(x), and the relative error of 
the Tw calculation procedure in [%], step (°5). 

The error appears only at the end of the analysed section, when all the relevant variables 
and the temperature difference are already very low, and can be attributed to the inaccuracies 
of the interpolation in that area. The calculation of Tw(x) shown was carried assuming 𝜖௚ ൎ 𝛼௚ ൌ
𝜖ଵଶ=0.8, see [3], [7]. If a very sooty smoke-mixture is assumed and the value increased to 
𝜖ଵଶ ൎ1.0, the results do not change much. 

The results obtained for the distribution of heat transfer coefficients: hc, hr, hcr, hcrc, with 
respect to x are given in Fig.5. Obviosly, local hcr is equal to local sum hc+hr. As it can be seen 
from the previous two figures, at approx ~300 m the hcr and hcrc colapse into an equal value, 
since from that location, the average wall-temperature Tw(x) returns back to the undisturbed 
wall (rock-masive) temperature T0, and both coefficients operate with the same temperature 
difference. The mean values over the analysed relevant length are given in Table 4. Analogous 
analysis was carried for the 120MW test-data, the results are given in Fig.5.b and in Table 4.  

For the 70MW case, the convective, and the radiative heat transfer rate (not including 
the local flame-to-wall loss (1-ηr)HRR at fire-site), over the analysed length are: 𝑄ሶ௥=1 .496∙107 
W, 𝑄ሶ௖ =2.792∙107 W. Thus, the share of the radiative part is approx. 35%, and can not be 
neglected. For the 120MW case, the same results are: 𝑄ሶ௥ =2.83∙107 W, 𝑄ሶ௖ =4.02∙107 W, and 
the radiative part share is 41.3%. 
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a)                                                                b) 

Fig.5. Computed heat transfer coefficients: a) 70MW test-data; b) 120MW test-data 
Table 4: Mean values of the heat transfer coefficients for the 70MW and 120MW tunnel-fire test-data. 
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Depending on the calculation approach to estimate the Tavg(x) as a best-fit approximate 
solution [1],[2],[5], the designer may be interested in either hcr,m and Tw , [1], or in hcrc,m only, 
[2], when in order to determine Tavg(x) and Δpch  eqs.(3,4,5) are used. 

When compared to the generic-tunnel numerical example (HRRmax=50MW fire) the 
values obtained from the data processing of the 70MW test-fire data are higher, which can be 
attributed to: (i) higher HRR's (70MW vs 50MW) effect on Re and hc, (ii) a higher (above the 
limit) roughness effect on higher hc, (iii) higher radiative share, (iv) HRR's time-evolvement in 
test [5] vs simulated case. Having in mind hc,m's HRR-trend (i) and friction-trend of Fig.2 (ii), 
the hr,m's HRR-trend (iii), one could extrapolate back for an estimate value at the generic-tunnel 
example inputs (50MW, fD=0.0275): hc,m~16, hrm~9.3, hcr,m~25.3, hcrc.m ~ 22.5 W/m2K.  

3. SUMMARY AND CONCLUSION 

For most commonly encountered tunnels with cast-concrete walls (Dh≈8m, ucr≈3m/s, 
fD≈0.0275), longitudinally ventilated, at a time 15-20 min from the fire-onset, with standardized 
50MW fire, the following numerically-computed hcr,m and hcrc,m values can be expected: 21.3, 
16.1 W/m2K, respectively. They can be used to asses Tavg(x) and the Δpch in ventilation design. 

For larger fires, and/or tunnels with a higher wall-roughness, higher values of hc,m, hcr,m 
or hcrc,m than the given numerical example will occur. Care must be exercised in evaluating 
them in each design case, given the complex influence of wall-roughness, radiation, flow-
velocity, fire size, and a numerical approach is recommended.  

Test-based values given in Table 4. can be considered as good upper-value test-based 
estimates given the limiting-effect of surface-roughness value in these tests, on maximizing the 
convective part of the overall heat transfer, at a given HRR value. 
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ABSTRACT 
The operation of long railway tunnels requires numerous technical installations. Parts of these 
installations react sensitively on thermal loads and dust loads and require protection from the 
tunnel atmosphere. In the case of modern twin-tube single track tunnels such components are 
often placed in utility rooms which are situated in cross-passages. In order to meet the 
temperature requirements of the utility rooms, cross-passage cooling systems have to be 
installed. Designing these cooling systems requires extensive investigations on the tunnel 
climate. This represents a big challenge, as information about the tunnel climate in long railway 
tunnels is rare. For this reason, a method to support the design process of cross-passage cooling 
systems had to be developed. The application of this method on a certain tunnel provided the 
required information for a data based system design of the cooling systems in the Koralmtunnel 
(AT). This includes both, details about the technical feasibility of ventilation and air 
conditioning systems as well as economic considerations. 

Keywords: tunnel climate, cooling systems, CFD simulations, life cycle cost 

1. INTRODUCTION

Tunnel systems are an important part of the world´s transport infrastructure. Wherever 
mountains have to be crossed or transit traffic needs to be diverted underground, tunnels are 
indispensable. Rail transport is considered one of the key factors for sustainable transport of 
goods and people. For this reason, the European Union forces the expansion of the trans-
European railway network [3].  

Figure 1: European railway network, (a) – Trans-European Network Transport (TEN-T) [2],  
(b) - selected trans-Alpine railway routes

This expansion includes the Alpine region that will be crossed by four main railway routes in 
north-south orientation. Figure 1 shows a scheme of the future railway network as it is aspired 

(a) (b) 

DOI: 10.3217/978-3-85125-883-7-12
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today. Two of the depicted routes (Figure 1) (b), the Scandinavian-Mediterranean route in the 
west and the Baltic-Adriatic axis in the east, are passing Austria. The core sections of these 
routes are three newly built very long railway tunnels. On the Scandinavian Mediterranean route 
the Brenner basetunnel is situated. It will be the world´s longest sub-surface railway track when 
it will be set in operation at the beginning of the next decade. In addition to that, there are two 
more very long railway tunnels on the Baltic-Adriatic axis, the Semmering basetunnel (28 km) 
and the Koralmtunnel (33 km).  

Such long railway tunnels require a lot of technical installations for operation, such as power 
supply, telecommunication, remote control etc. Some components have to be installed inside 
the tunnel tubes, but sensitive ones have to be protected from the tunnel atmosphere. This tunnel 
atmosphere usually is characterized by high thermal loads or temperature variations and high 
dust loads, due to massive particulate matter emissions from railway operations. Both stresses 
result in an enormous maintenance effort for the tunnel equipment [17] [20]. While thermal 
stress accelerates the aging process of electronic components [10] [7], electrically conductive 
particles can cause malfunctions and damage to sensitive components [22].  

In modern twin-tube single-track tunnels, such components usually are housed in so-called 
cross-passages. The basic structure of such cross-passages is shown in Figure 2. In general, they 
can be divided into two halves. While one half serves as an escape route in the event of a tunnel 
incident, the second half offers the possibility of setting up dedicated utility rooms. To create 
favourable conditions for sensitive systems in the utility rooms, there are certain requirements 
for room temperatures, relative humidity and air quality. The strictest requirement usually refers 
to the room air temperature [8]. 

  
Figure 2: Principle layout of cross-passages in a modern twin-tube single track tunnel [14] 

The design process of cross-passage cooling systems requires valid data about the tunnel 
climate or the expected tunnel air conditions respectively. Today only little information is 
available about the climate in very long railway tunnels. This is because the total number of 
railway tunnels longer than 25 km is low (four in Europe and seven in Asia). In addition, tunnel 
climate is strongly dependent on local parameters such as the rock temperatures. Hence, the 
tunnel climate needs to be investigated individually for every tunnel. Because information is 
rare and investigations of the tunnel climate are highly specific, a proper method that supports 
the design process of cooling systems and provides the required input data had to be developed. 

2. METHODOLOGICAL APPROACH 

Tunnel climate depends on many parameters, which vary from tunnel to tunnel, due to local 
environmental conditions and tunnel geometry. This fact makes the prediction of tunnel climate 
and the design of cooling systems in long railroad tunnels extremely complex. For this reason, 
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a proper method had to be developed in order to be able to carry out systematic investigations 
of the tunnel climate and to support the design of cooling systems.  

The developed investigation method comprises four main investigation steps including 
numerical simulations and economic considerations. Hence, both the technical as well as the 
economic perspective are taken into account. A flow chart summarizing the basic procedure of 
the method is shown in Figure 3 

 
Figure 3: Flowchart of the developed method for the investigations on the tunnel climate of long railway tunnel  

(Fruhwirt Daniel, 2021) 

The method developed is described in more detail below and applied to a specific case study. 

 Identification of cooling requirements 
In order to identify the need for a cooling system, a model needs to be developed which is based 
at an energy balance between heat sources and heat sinks. Care must be taken to ensure that all 
relevant thermal processes (heat flows) are considered in the model and within certain system 
boundaries (i.e. individual rooms or so-called thermal zones). The temperature in a thermal 
zone is the result of all incoming and outgoing heat flows. Incoming heat flows are, for example, 
the waste heat from switch cabinets in the rooms or heat flows through walls from adjacent 
rooms or the surrounding rock. 

In the end the energy balance of each individual zone can be expressed as shown in equation 
(1). There heat sources 𝑄ሶௌ, heat transfer through walls 𝑄ሶ௪௔௟௟ 

, the heat transfer between room 
air and rock layers 𝑄ሶ௥௢௖௞ as well as the impact of cooling systems 𝑄ሶ௖௢௢௟ as a sink are taken into 
account. Except the cooling term 𝑄ሶ௖௢௢௟, all terms are a function of the room air temperature. 
Hence, the room air temperature can be explicitly expressed and calculated by the energy 
balance of the heat fluxes. In addition to that the undisturbed rock temperature has to be known 
in order to approximate 𝑄ሶ௥௢௖௞ accurately. 

In order to determine an equilibrium temperature that will be achieved through thermal self-
regulation the term representing the cooling requirement is set zero in equation (1). This results 
in effective, averaged room temperatures which than can be compared with room target 
temperatures. If a cooling demand has been identified the calculation must be repeated with 
constant room temperatures corresponding to the target temperatures. This requires the 
consideration of the cooling term in the energy balances of the rooms characterized by a certain 
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cooling demand. The final output of this second calculation run is the cooling demand of each 
individual thermal zone. 

 𝑸ሶ 𝑺 ൅ ෍ 𝑸ሶ 𝒘𝒂𝒍𝒍𝒊

𝒊

൅ 𝑸ሶ 𝒓𝒐𝒄𝒌 ൅ 𝑸ሶ 𝒄𝒐𝒐𝒍 ൌ 𝟎 (1) 

 Cooling concepts 
If required to meet the room target temperature, a cooling system must be implemented. In the 
case of long railroad tunnels, two systems seem suitable. One is a ventilation system that uses 
tunnel air for cooling purposes and the other is an air conditioning system. An air conditioning 
systems needs another medium for heat exchange, which could either be tunnel air or a 
continuous water supply. For the design of either of these systems the conditions of the climate 
inside the tunnel needs to be known. 

 Forecast on tunnel climate 
As mentioned above, the knowledge of the tunnel climate is necessary for further design steps. 
In order to forecast tunnel climate, some specifications need to be made before. One of them is 
the projection time. Based on experience, the service life of cooling systems can be assumed 
by ten years for air conditioning and twenty years for ventilation systems. However, when 
performing a feasibility study any projection periods should cover several replacement cycles 
for system components. This leads to time spans of several decades. Extended projection 
periods as well as large computational domains result in general in long computational times. 
Hence, simple numerical models like 1D CFD or Bernoulli equation based models are 
recommended for this purpose. 

Special attention has to be paid on the definition of the initial conditions and the boundary 
conditions. The former are strongly dependent on the rock temperatures as well as on the 
applied ventilation strategies during the tunnels construction and equipping phase. Because the 
utility room cooling systems are being designed at a time when tunnel construction is on-going 
for several months or even years, the initial conditions cannot be determined by measurements 
in the actual tunnel. This means that the initial conditions must be determined in a pre-
simulation covering the entire period of time in which the tunnel climate changes from the last 
known state. 

In a next step boundary conditions need to be defined. Basically, there are boundary conditions 
that depend on local parameters, while others are related to activities like the operation 
schedule. The former category includes outside air conditions (temperature and humidity) and 
the rock temperature, while the latter one concerns the train frequencies (train schedule) and 
the train speed as the most important rail-operation related parameters. 

Due to the long period of time to be considered, long-term effects such as climate change must 
also be taken into account. Especially in the Alpine region, this can lead to a significant change 
in outside air conditions over the decades. In the end the application of a 1D CFD model or a 
Bernoulli based model respectively provides data about the tunnel air temperature and relative 
humidity as a function of the tunnel position and time. Based on this information, the design of 
cross-passage cooling systems can be carried out. This design process requires the 
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determination of the utility room air temperatures that can be achieved by ventilation or air 
conditioning. 

 Forecast of utility room temperatures – cooling by ventilation 
In order to determine the expected utility room air temperatures, once more the calculation of 
energy balances is required. If a ventilation system is considered, equation (1) has to be 
modified including the mass flow over the system boundaries (equation (2)). In this equation, 
𝑄ሶௌ denotes the heat sources represented by the waste heat of technical systems, 𝑄ሶ௙௔௡ denotes 
the heat output of the supply air fan motor, and 𝑚ሶ ∗ ሺℎ௜௡ െ ℎ௢௨௧ሻ is the increase in supply air 
enthalpy ℎ  along the flow path. Assuming ideal gas behaviour and constant property values, 
this enthalpy increase can be determined as shown in equation (3). 

 𝑸ሶ 𝑺 ൅ 𝑸ሶ 𝒇𝒂𝒏 ൅ 𝒎ሶ ∗ ሺ𝒉𝒊𝒏 െ 𝒉𝒐𝒖𝒕ሻ ൌ 𝟎 (2) 
    
 ℎ௜௡ െ ℎ௢௨௧ ൌ 𝑐௣ ∗ ሺ𝑡௜௡ െ 𝑡௢௨௧ሻ  (3) 

 

Based on this simple approach, the expected room air temperatures (𝑡௢௨௧ሻ that can be achieved 
by an active ventilation system are determined. It has to be noted that these values represent 
ideal ones that can be interpreted as an average room air temperature. 

 Forecast of 3D temperature distribution in the utility rooms 
Because the actual temperature distribution can not be displayed by the simple calculation 
regime (energy balances) as described above, in a third investigation step detailed 3D CFD 
simulations have to be carried out to get more information about the impact of the inlet air flow 
and the temperature distribution within the utility rooms. This temperature stratification or 
temperature distribution respectively, depends on the general temperature level within the 
utility room, the heat sources, the arrangement of the cabinets, as well as of the momentum of 
the incoming cooling air. 

To serve this purpose, standard 3D CFD models are employed. The geometric 3D model of the 
cross-passage has to cover all relevant components that have noticeable influence on the room 
air temperatures. If the rock temperature and the room air temperatures of adjacent utility rooms 
are lower than the room air temperature of the assessed utility room, the thermal interaction 
with rock layers and the adjacent rooms can be neglected if a conservative approach should be 
applied. If the temperature gradient from rock to air is negative, the impact of thermal 
interaction becomes relevant and should be taken into account. 

The 3D model provides information about the temperature distribution in the room and thus 
also about the thermal load on the devices. If ventilation is not sufficient an air conditioning 
system must be installed. In addition to that, 3D CFD simulations can be used to analyze 
different operation modes of the ventilation system (e.g. variable speeds or on/off modus). 

 Economic consideration 
In addition to technical feasibility, economic considerations are always important when 
planning an infrastructure project. For this reason, the fourth step in the methodological 
approach is a life cycle cost analysis (LCCA) that covers the relevant technical systems. In the 
case of cross-passage cooling systems, the analysis includes the cooling systems as well as all 
technical installations that are effected by the room air temperatures. Such a LCCA aims to 
determine an optimal target temperature for the utility rooms and provide additional data for 
the final system selection of the cross-passage cooling system. 
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There are several approaches to create an economic model. If a long period of time has to be 
assessed, it is recommended to use a dynamic approach, where each cash flow is valued at a 
specific date. This valuation is necessary to ensure comparability of investments. The net 
present value method [1] represents such a dynamic approach, as it takes into account the period 
in which an investment is made or an inflow of funds occurs [13]. In order to get a clear result, 
all cost relevant aspects like investment, maintenance, debugging services, operation and the 
replacement of systems need to be considered. 

The net cash received (NCR) is defined as the difference between all cash inflows and cash 
outflows in a certain period of time τ (see equation (4)). Equation (5) shows the definition of 
the net present value (NPV) which is defined as the sum of all NCRs divided by ሺ1 ൅ 𝑖ሻఛ where 
𝑖 denotes the interest rate under consideration. 

 𝑵𝑪𝑹 ൌ  𝒊𝝉 െ 𝒐𝝉 (4) 
   
 

𝑁𝑃𝑉 ൌ  ෍
𝑖ఛ െ 𝑜ఛ

ሺ1 ൅ 𝑖ሻఛ

௡

ఛୀ଴

ൌ  ෍
𝑁𝐶𝑅

ሺ1 ൅ 𝑖ሻఛ

௡

ఛୀ଴

 (5) 

 

In the end, the total life cycle cost of the assessed systems can be determined. Based on this the 
final system selection of cross-passage cooling systems can be made. 

3. CASE STUDY 

The methodological approach as defined in section 2 is generally valid. However, any 
application needs input data which are of course site dependent. Such an application of the 
model has been performed in a case study for the 33 km long Koralm rail tunnel in Austria [14]. 

 Project description 
The Koralm Tunnel (KAT), where the technical equipment phase has recently started, is a twin-
tube single-track tunnel with a total length of 32.9 km. It consists of the two tunnel tubes and 
70 cross-passages spaced 500 m apart. In addition, there is an emergency stop station directly 
in the centre of the tunnel and two ventilation stations with vertical air supply shafts that are 
operated both in case of fire and during maintenance phases. The maximum overburden of the 
tunnel in the centre is about 1’200 m, which is the main reason for locating the ventilation shafts 
near the portals. Figure 4 shows a longitudinal section and schematic diagram of the KAT.  

Most of the cross-passages host five utility rooms, one for the telecommunications systems and 
four rooms housing the equipment for the power supply (low and medium voltage components). 
Temperature requirements were defined by the client individually for each of the utility rooms 
dependent on the systems installed within the utility rooms (see Table 1).  

Table 1: Target temperature ranges for the utility rooms in the Koralm tunnel [8] 

Utility room T_min [°C] T_target [°C] T_extreme [°C] 
Low voltage room 1 -5 0-30 40 
Telecommunication room 10 15-22 30 
Low voltage room 2 -5 0-30 40 
Transformer room -25 0-35 70 
Medium voltage room -5 0-30 40 
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Figure 4: KAT tunnel system - (a) longitudinal section, (b) general scheme [16].  

While the minimum and extreme values represent absolute boundary values, the third column 
(T_target) shows the target temperature ranges for normal operation. Accordingly, the target 
temperature range for the telecommunication rooms is defined as 15°C to 22°C. Keeping the 
room air temperature within this temperature range is quite a challenge because the 
telecommunication equipment produces significant waste heat. For standard 
telecommunication equipment, the heat dissipation is about 6 kW and for telecom base stations, 
this increases to as much as 26 kW. This high off-heat together with the rock temperatures in 
the tunnel (see section 3.3) requires room air cooling. 

 Identification of the actual cooling requirement 
The first investigation step requires the definition of an accurate thermodynamic system. In the 
case of the KAT this thermodynamic system covers an entire cross-passage including five 
utility rooms, one for telecommunication systems (TC) and four rooms to house components 
for the power supply. Each of the utility rooms as well as the escape way were modelled as an 
individual thermal zone. Figure 5 shows a scheme of a cross-passage covering eight thermal 
zones (thermodynamic systems). 

 
Figure 5: System configuration for the determination of the expected utility room air temperatures. 

As illustrated in Figure 5 every utility room, the escape way and the adjacent tunnel sections 
are defined as separate but interconnected systems for which an energy balances are calculated. 

The final outcome of this investigation step are the room temperatures reached in a steady state. 
It has to be noted that these values represent an averaged room air temperature, as an idealized, 
non-dimensional system (constant temperature in the entire utility room) is assumed. The 
energy balances applied to the thermal zones can be expressed as described in section 2.1. 

(a) 

(b) 
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Figure 6 shows the determined room air temperatures for every utility room in the Koralm 
tunnel in case of self-regulation (no active cooling system). It can be seen that the 
telecommunication room (TC), with a max. target temperature of 22°C and the adjacent low 
voltage room (target temperature 30°C) require an active cooling system. 

 
Figure 6: Expected utility room air temperatures without active cooling systems [19] 

 Forecast of the tunnel climate 
At the beginning of the second investigation step some specifications have to be defined. This 
includes the definition of the period of time to be assessed in the tunnel climate investigations 
(see section 2.3). In the case of the KAT a period of 50 years had to be assessed, as several 
replacement cycles of cross-passage cooling systems should be included.  

In the KAT tunnel climate investigations, IDA tunnel [11] was used. It is a commercial solver 
for the conservation of mass and a balance of total pressure. 

Initial conditions: 

The initial conditions for the simulation of the tunnel operation phase refer to the conditions at 
the end of the equipping phase and can vary significantly from the thermal conditions recorded 
in the construction phase or the early equipping phase of the tunnel. In order to determine these 
initial conditions for the operation phase, the last two years of the construction/equipping period 
were considered in the model. Input data for this model were the original rock temperatures, 
the heat sources and sinks during this period (off-heat from vehicles, evaporation heat during 
concreting of the trackways and the ventilation system applied during that period. The activity 
data for calculation these thermal loads was provided by the client on basis of technical reports 
[15]. The impact of the activities during these two considered years is demonstrated in Figure 
7 in which the wall surface temperature curves along the south tube of the KAT for selected 
time steps are depicted.  

Two important aspects have to be highlighted in this context. On the one hand the general 
temperature level is expected to decrease during the equipping phase and portal regions are 
strongly affected by the outside air conditions and thereby a certain bandwidth of temperatures 
can be observed in these areas. Furthermore, the discontinuity right in the tunnel centre has to 

Zone1 – escape way  MS – medium voltage room TRAFO – transformer room 

ET – low voltage room 1  NS – low voltage room   TK –  telecommunication room 2 
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be explained in more detail. This special fact is a result of the applied construction ventilation 
system in the KAT. The construction and equipment of the tunnel is done in two totally 
separated lots, west and east. Most of the time a U-shape ventilation system that uses the south 
tube for supply air and the north tube as the return air tube will be operated independently in 
each of these two sections. While the black line in Figure 7 represents the initial rock 
temperature – as starting condition in the simulation – the other lines show a dedicated 
temperature offset at the boundary of the both lots, due to the aerodynamic separation by a 
brattice. Rock temperatures were known from permanent measurements during construction 
phase. 

 
Figure 7: Wall surface temperature curves along the south tube of the KAT at selected points of time in the equipping phase. 

[9] 

Boundary conditions: 

Rock temperature: 

The most important parameters are the local rock temperatures, the outside air conditions and 
the train schedule. However, it should be noted that there are many more parameters (e.g. train 
speed) that have an influence on the tunnel climate. Consideration of all parameters results in a 
complex system that must be studied if a tunnel climate forecast is to be made.  

Nevertheless, one of the most crucial physical effects for the tunnel climate is the heat transfer 
between the tunnel air and the tunnel wall due to heat transfer by convection. However, long-
term effects on the tunnel climate also require the consideration of heat conduction. Therefore, 
the solid layers of the tunnel lining (concrete), shotcrete layers as well as the rock material have 
to be discretized in the numerical model. An important aspect in this context is that the rock 
material may change along the tunnel. Such changes can be caused by different water content 
in the solid layers or by different geological formations. In the KAT, the solid layers in most 
tunnel sections were modelled as rock layers with constant property values. In portal sections, 
the rock layers were replaced by neogene layers with different property values. The rock 
temperatures up to a penetration depth of 285 m at the end of the pre-simulation were used as 
initial conditions for the tunnel climate simulations. 

Outside air conditions: 

The second crucial parameter that has a strong influence on the tunnel climate is the outside air 
temperature. In order to have accurate data for this boundary condition, long-term 
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measurements from the project area are needed. In the case of the KAT, such data were 
available [6], since the Federal state of Styria operates a meteorological station near the KAT's 
east portal. This data set contains hourly mean values of outside air temperature and relative 
humidity. It has to be noted that daily or monthly average values are not applicable as the daily 
variations of the temperature have an influence on the thermal conditions in portal regions. The 
hourly average values of the past 20 years were analysed in detail. It turned out that the summer 
of the year 2012 was characterized by a high average temperature level and during summer of 
2013 high peak temperatures up to 39 °C were recorded. For this reason, the data of both years 
were used to define the thermal boundary conditions. Because the forecast on the tunnel climate 
had to cover a period of 50 years, even long-term effects had to be taken into account. In order 
to do this, the impact of climate change was considered on basis of an expert statement from 
the local meteorological office [21]. Table 2 shows the monthly average values from a 30-year 
period in the past, as well as the expected values, 90th percentile values, and expected 
temperature increase for the period through 2070. 

Table 2: Monthly average temperatures of the past and expected values for the period until 2070 for the area of 
Deutschlandsberg (KAT East portal) (Fruhwirt Daniel, 2021) 

 
The expected increase in monthly average temperatures by 2070 (No.4 in Table 2) is about 
2.2°C, with a slightly higher temperature increase in winter than in summer. The development 
of the outdoor air temperature within this period is approximated by a linear function. 

Train frequency: 

The train frequency is another important parameter that strongly influences the tunnel climate. 
This is because train movements bring outside air into the tunnel and influence the heat transfer 
towards the walls. Hence, a plausible train schedule has to be implemented into the 1D 
simulations. As the train schedule was not defined at the design stage of the cross-passage 
cooling systems, a high traffic scenario and a low traffic scenario were considered. The low 
traffic scenario was defined by one single train per hour and direction and the high traffic 
scenario considered six trains per hour and direction. 

Results from 1D simulations: 

Finally, the result of the 1D tunnel climate simulations are the hourly average values of tunnel 
air temperature and relative humidity. Figure 8 shows as an example the curves of the 
maximum, minimum and average temperature along the south tube of the KAT for July in the 
first year of operation based on a high traffic scenario. Two important aspects should be 
emphasized in this context. On the one hand, a homogeneous temperature curve at a high 
temperature level can be observed in regions around the tunnel centre, and on the other hand, 
there is a strong influence of the outside air conditions in portal areas. This effect leads to a 
large temperature range, since the daily fluctuations of outside air temperatures have an impact 
to the tunnel sections near the portals. This fact underlines the importance of the hourly average 
temperatures used as thermal boundary conditions in the tunnel climate simulations. 

No. Type January February March April May June July August September October November December

1 1971‐2000 ‐3.1 ‐0.5 4.2 8.5 13.8 16.9 18.6 18.1 13.7 8.4 2.3 ‐1.8

2 Expected value ‐0.6 1.9 6.5 10.7 15.9 19.0 20.6 20.2 15.9 10.6 4.6 0.6

3 90‐percentile 0.0 2.5 7.1 11.3 16.7 19.9 21.6 21.1 16.7 11.4 5.3 1.3

4 Δ nr2 ‐ nr.1 2.5 2.4 2.3 2.2 2.1 2.1 2.0 2.1 2.2 2.2 2.3 2.4
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Figure 8: Tunnel air temperature curve in KAT south tube – July (1st year of operation) [8] 

 Determination of utility room air temperatures with active ventilation system 
The results of the 1D simulations for tunnel climate provide boundary conditions for the design 
of the cross-passage cooling system. However, at this stage still no statement can yet be made 
concerning the type of cooling system required to keep the utility room air within the target 
temperature range. Therefore, an additional calculation of energy balances for the utility rooms 
with a certain cooling demand is necessary. The methodological approach used in this step is 
described in section 2.4. Figure 9 depicts the scheme of the thermodynamic system to determine 
the expected utility room air temperatures, in this case for the telecommunications room. 

 
Figure 9: Thermodynamic system for the determination of the utility room air temperature 

The final result of this calculation procedure is the average room air temperature in the TC 
room. This temperature is then compared to the target temperature of the TC room (22°C). 
Figure 10 shows how often the expected TC room air temperatures of selected cross-passages 
along the KAT will exceed the target temperature. The numbers are changing over operation 
time due to the projected change of tunnel climate over the years. At the beginning of the 
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operation phase, only a few exceedances of the target temperature (22°C) are expected in portal 
areas. In contrast, the target temperature will be permanently exceeded in the TC rooms located 
near to the centre of the tunnel. In the first twenty years of operation, two opposing trends can 
be observed. While temperature exceedances in the portal areas will increase significantly, 
temperatures in the centre of the tunnel are expected to decrease. These trends will continue 
until the effects of climate change become more pronounced and the temperature rise affects 
the entire tunnel system. 

 
Figure 10: Number of exceedances of the target room air temperatures in the telecommunication room as a function of 

operation time in selected cross-passages along the KAT [8] 

In a strict interpretation of these results, there is no cross-passage in which the TC room 
temperature can be kept permanently in the target temperature range. Consequently, every 
cross-passage would have to be equipped with an air conditioning system. However, the 
approaches used so far are subject to some uncertainty because the derived temperatures 
represent average room air temperatures and do not account for 3D effects such as temperature 
stratification. To obtain more information about these 3D effects, additional 3D CFD 
simulations were performed in the third investigation step. 

 Detailed 3D CFD Simulations 
In the course of the 3D investigations of the utility room temperature (mainly the TC room), 
Ansys Fluent was the chosen 3D CFD solver. The geometrical 3D model covered a cross-
passage equipped with a mechanical ventilation system. Utility rooms that do not require 
cooling are not included in the air path of the ventilation system and thus were neglected in the 
3D CFD simulations.  

The most relevant boundary conditions in the 3D simulations are the supply air temperature and 
the heat sources inside the TC room. For the simulation runs described below the supply air 
temperature was 20°C and a heat dissipation of 6 kW at the top of two implemented control 
cabinets were set. Heat transfer through walls was neglected, representing a thermal setup 
expected in tunnel sections with similar TC room air and rock temperatures.  

Based on this setup, two simulation runs were performed. The first run included a permanent 
full load operation of the supply air fan with a constant supply air flow rate of 1 m³/s at the 
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inlet. In comparison, the second simulation run was performed in a transient mode with on/off 
operation of the supply air fan. While the first simulation run aimed at determining the 
temperature distribution in the TC room or the suitability of a ventilation system to meet the 
cooling requirement, the second simulation run aimed at some optimization of the control 
regime of the ventilation system. The results of the 3D CFD simulations are shown in Figure 
11. The temperature contours are depicted on a vertical plane through the TC room. The exact 
location of the vertical plane is indicated in the image on the right side of Figure 11. 

 
 

Figure 11: Results from 3D CFD simulations (a) steady state, (b) transient case, 75 sec after fan deactivation,  
(c) transient case, 65 sec after fan-reactivation [8] 

Three important aspects are evidenced by the results of the 3D CFD simulations.  

The first is the well-established temperature stratification within the TC room. While the space 
above the control cabinets acts as a thermal buffer with temperatures up to 45°C, the control 
cabinets themselves are not exposed to unacceptable temperatures. The 1D simulation as 
described in section Fehler! Verweisquelle konnte nicht gefunden werden.. would have 
resulted in an average room air temperature of 24.8°C, i.e. above the target air temperature of 
22°C.  

The second aspect is the asymmetric temperature distribution, which is caused by the massive 
influence of the supply air. Cabinets located near the supply air inlet are permanently exposed 
to the cooler supply air temperature. As a consequence of the findings of the first simulation 
run (steady state – see (a) in Figure 11), the temperature criterion for the TC room was modified, 
in so far that the target temperature must be maintained at a height of 1.5 m. This should be 
sufficient, since room air extracted close to the floor is used for the internal cooling of the 
control cabinets. 

The last important information was derived from the results of the transient simulation. The 
deactivation of the supply air fan leads to a temperature distribution as depicted in image (b) in 
Figure 11. Only 75 seconds after deactivation, the target temperature (22°C) is exceeded at a 
height of 1.5 m, resulting in reactivation of the supply air fan. After another 65 seconds, the 
warm TC room air is removed and the initial temperature distribution is reached again (see 
image (c) in Figure 11). Based on these results, an on/off control regime does not appear to be 

Clipping plane 

(a) 

(b) 

(c) 
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appropriate and a control regime on two or more discrete fan speed levels is recommended to 
provide some flexibility. 

Since the results of the 1D and 3D approaches are different, a validation of the 3D results was 
performed in the escape tunnel of an Austrian railway tunnel. Within this escape tunnel, a 
dedicated test room with similar characteristics compared to the KAT utility rooms was set-up 
and several test scenarios with variations of supply air temperature and heat release were 
performed [12]. The general outcome of the in-situ tests confirms the results of the 3D CFD 
simulations, as a well defined temperature stratification could be observed and the integrated 
control cabinets were never exposed to temperatures above the target temperature. 

Based on the findings from the 3D CFD simulations, it can thus be concluded that 3D effects 
in the temperature distribution offer some potential for optimization of the target temperature. 
It should be noted that the results of the 3D CFD simulations depend on the arrangement of the 
cabinets. However, the basic conclusions concerning temperature stratification are found to be 
valid. 

 Cooling concepts 
Since there is a need for active cooling in most of the KAT cross-passages, a principle cooling 
concept must be defined. Due to the fact that there is no continuous water supply in the KAT, 
tunnel air is the only available cooling medium. This limits the choice of cooling systems to 
two types. One is a mechanical ventilation system that uses tunnel air to cool the utility rooms, 
and the other is an air conditioning system that uses tunnel air for re-cooling. Figure 12 shows 
the principle layout of both cooling systems. Note that due to redundancy purposes both systems 
are duplicated in the same cross passage. 

 

 
Figure 12: Principle layout of the cross-passage cooling systems in the Koralm Tunnel,  

(a) ventilation, (b) air conditioning [8] 

Both systems have advantages and disadvantages. The ventilation system has its main benefits 
in its simplicity, as it contains only few electro-mechanical components (fans and dampers). 
This causes a moderate maintenance effort and keeps the power consumption and operation 
costs on an acceptable level. One disadvantage is the limited cooling effect due to the strong 
dependency on the tunnel air temperature respectively the tunnel climate. The second 
disadvantage is the required supply air treatment, since the tunnel air must be filtered due to 
high PM concentrations in the tunnel. This can be a knock-out criterion if the filter service life 

(a) 

(b) 
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does not reach an acceptable level. However, tests demonstrated that the expected filter life 
when using the KAT ventilation system is approximately between 4.5 and 21 months, 
depending on the filter specification [20] 

In contrast to the ventilation system, the air conditioning system requires an increased 
electromechanical effort. The system design according to Figure 12 covers a refrigerant cycle, 
a water cycle and an air cycle. The necessity of a water cycle is mainly a result of regulations 
related to the maximum amount of refrigerant mass acceptable in an escape way [5]. In the end 
this results in higher cost for construction and operation compared to a ventilation system.  

However, as a result of the investigations about tunnel climate it was concluded, that for many 
cross passages, a ventilation-based cooling system is not sufficient, hence air conditioning is 
required. 

In the end the decisive criteria pro or against a system are the achievable track availability and 
the financial aspects. The ventilation system proved superior; however, the limitations imposed 
by the temperature requirements force the use of air conditioning systems at cross passages with 
enhanced cooling demand. The target temperature not to be exceeded in the telecommunication 
room is the decisive parameter for system selection. However, as this target temperature is given 
due to lifetime considerations of the equipment, a LCCA might be used to decide weather a 
reduced lifetime (higher target temperature) and lower system costs are beneficial compared to 
extended lifetime but higher system costs. 

 Economic considerations 
In the last investigation step a LCCA was made for the cross-passage cooling systems and the 
TC systems. In general, the cost development for both system is driven by investment, operation 
and maintenance costs. The latter are dominant in the evaluation of the total life cycle cost of 
the cross-passage cooling systems and the TC systems. For this reason, accurate approaches to 
estimate all relevant cost elements are required. 

The service life of both cooling systems (ventilation and air conditioning) was assumed to be 
20 years for ventilation and 10 years for air conditioning systems. These values represent 
empirical values derived from previous tunnel projects. In contrast, the service life of TC 
systems was assumed to be a function of the room air temperature. To account for this, an 
Arrhenius approach was applied to the Eyring equation [4], which is commonly used to 
approximate ageing processes on chips and sensors due to thermal stresses. This results in a 
formulation as shown in equation (6). 

 
𝝉𝑬 ൌ 𝝉𝑸 ∗ 𝒆

𝑬𝒂
𝑹 ∗൬ 𝟏

𝑻𝑬
ି 𝟏

𝑻𝑸
൰
 (6) 

 

Using this equation, the service life of the TC systems was determined for selected TC room 
air temperatures in the range from 22 °C up to 60 °C (Table 3). Consequently, a temperature 
range of 22 °C up to 35 °C appears to be suitable, since a further increase in room air 
temperature reduces the expected service life of TC systems to less than 6 years, which reduces 
the track availability significantly due to tunnel closures that would be needed for the 
replacement of broken down systems.  

Table 3: Approximation of the Telecommunication system service life as a function of the utility room air temperature [8] 

Operation 
temperature 22°C 25°C 30°C 35°C 40°C 45°C 50°C 55°C 60°C 

Service life [years] 16 12 9 6 4 3 2.1 1.5 1.2 
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For the estimation of maintenance service costs, a similar approach was found as for the 
estimation of the service life. The annual cost for maintenance services of the cooling systems 
were approximated as a constant on basis of investment costs (1 % ventilation and 6 % air 
conditioning). In contrast, the annual maintenance cost for the electrical installations (TC 
systems) 𝐼௠ were approximated by equation (7). There 𝐼଴ denotes the initial investment cost for 
the TC systems and ఛమమ°಴

ఛ೅
 is the quotient of expected service life at a target temperature of 22 °C 

and a target temperature 𝑇 according to the selected scenario. This quotient expresses the 
dependence of the maintenance cost on the room air temperature and takes into account 
increasing cost with increasing room air temperature. 

 𝑰𝒎 ൌ 𝑰𝟎 ∗ 𝟎. 𝟎𝟔𝟑𝟖 ∗
𝝉𝟐𝟐°𝑪

𝝉𝑻
 (7) 

Within the temperature range of 22 °C to 35 °C, four temperature scenarios were defined and 
evaluated in the LCCA. For each temperature scenario, a cross-passage classification was made 
as to weather they can be equipped with a mechanical ventilation system (low cooling demand) 
or an air conditioning system (enhanced cooling requirement). Figure 13 shows the cross-
passage classification for each of the temperature scenarios. While for the 22°C scenario almost 
no cross-passages could be equipped with ventilation systems, in the 35°C scenario, cooling by 
ventilation would serve for almost all cross passages. 

 
Figure 13: Cross-passage classification related to the implemented cooling system for four selected target temperature 

scenarios [8] 

Based on a target temperature of 22°C, a comparison was made in the first simulation run 
between a cross-passage classification according to Figure 13 and a variant in which only air-
conditioning systems are used. Figure 14 shows the results derived from this simulation run. 
The offset already at the beginning is due to the variation in initial investment cost. During the 
considered 50 year of operation the total life cycle cost (LCC) differ at the end by roughly 30% 
in which a cross-passage classification according to Figure 13 (roughly 15% ventilation and 
85% air conditioning) accounts for the lower cost compared to a full installation of air 
conditioning systems. Hence, in cross-passages with lower cooling requirement the installation 
of a ventilation system should be aspired. 
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Figure 14: Comparison of life cycle cost for a combination of ventilation and air conditioning and for full equipment with air 

conditioning units [8] 

Therefore, in further simulation runs, the remaining temperature scenarios were evaluated. The 
higher the room target temperature the smaller the number of cross-passages being equipped 
with air conditioning systems. Figure 15 shows the cost development and total LCCs of the 
studied target temperature scenarios. The total LCCs in the 22°C scenario were defined as 
reference costs (100%). The results show a decreasing trend in total LCCs as the target 
temperature increases. This trend continues until a target temperature of 30°C is reached. At 
the end of the 50-year period, the difference between the reference costs and the lowest LCC in 
the 30°C scenario is about 21 %. A further increase of the target temperature to 35°C leads 
directly to the highest LCC (107 %) due to increased costs for reinvestments and maintenance. 

 
Figure 15: Life-Cycle cost in four selected target temperature scenarios [18] 

The accuracy of these results was tested by a dominance analysis and a sensitivity analysis for 
each temperature scenario. The dominance analysis provided information about the cost 
elements and their impact on the total life cycle cost. The operation cost (86% of total life cycle 
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costs) dominate over initial investment cost (14%). When examining the total cost for the 
individual systems, it was found that the cost for TC systems (79.6 %) are dominant and the 
cost for ventilation systems (15.8 %) and air conditioning systems (4.6 %) are of minor 
importance.  

From an economic point of view, 30°C seems to be the optimal target temperature for the TC 
rooms. Nevertheless, at the end the 25°C target temperature scenario was recommended with a 
cross-passage classification similar to Figure 13. The longer lifetime of the equipment (3 years) 
increases the track availability, and this outweighs the small loss in LCCs (8%) between the 25 
and the 30°C scenario. (Remark: the track availability was not considered in the objective 
LCCA). 

4. CONCLUSIONS 

This paper contains a model chain applicable for investigating the tunnel climate of very long 
railroad tunnels as well as the design processes for cooling systems in such tunnels. The derived 
method consists of four main examination steps that have to be run through one after the other.  

As the tunnel climate is specific for each geographical location it must be investigated 
individually for each tunnel. The first question to be answered is always whether there is a 
cooling demand (mainly for the technical equipment) in the tunnel under investigation. 
Conservation equations for energy are the core of the calculation procedure. Since there is a 
temperature criterion for all electrical systems, the first step it is to be investigated whether 
external cooling is required in order not to exceed the target temperatures.  

In many cases, tunnel air is the only available cooling medium, so there is a dependency on the 
tunnel climate or thermal conditions regardless of the type of cooling system. Therefore, in the 
next investigation step a forecast of the tunnel climate is required. For this investigation step 
important parameters like rock temperature, the outside air conditions (temperature and relative 
humidity) and the train frequency are needed. It should also be mentioned that the tunnel climate 
in the first years of operation is strongly influenced by the thermal conditions prevailing during 
the construction phase. Therefore, these situations have to be taken into account when defining 
the initial and boundary conditions for the simulation. The derivation of applicable data for 
outdoor air conditions should be based on long-term measurements in the project area. 
Depending on the time period to be assessed, long-term effects such as climate change should 
also be taken into account. Methods based on a 1D simulation of the aerodynamics and 
thermodynamics of the tunnel have proven to provide the required information about the tunnel 
climate. The results of this second investigation step can be used for a first statement on which 
type of cooling system is sufficient to meet the temperature requirements. 

However, this statement has only an indicative character, since no 3D effects in the temperature 
distribution within the individual locations of the electrical equipment are considered. In order 
to close this information gap, additional 3D CFD simulations should be performed in the third 
investigation step. The results of these simulations are characterized by a higher accuracy and 
offer a certain optimization potential with regard to the equipment arrangement and cooling 
systems to be applied. 

At this point, the basic design of cross-passage cooling systems has been completed and 
technical feasibility has been demonstrated. However, feasibility is only one aspect, the final 
design must also be cost effective. For this reason, a life cycle cost analysis should be performed 
for the most relevant systems. Ultimately, the developed method provides the necessary 
information for a data-based decision on the design of the equipment/cross-passage cooling 
system in a long railway tunnel. 
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EMPIRICAL VALIDATION OF SEASONAL 1D TEMPERATURE 
PREDICTIONS IN A 9 KM NORDIC TRAIN TUNNEL 

1Erik Östblom, 2Per Sahlin 
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ABSTRACT 
Reliable long-term predictions of tunnel temperatures are critical in several ways, such as for 
passenger comfort, buoyancy driven air flows, risk of ice formation, thermal loads on tunnel 
lining etc. In this work, IDA Tunnel temperature predictions are compared with long term 
measurements in a 9 km twin-bore train tunnel in Sweden. Comparisons were made with 
measured as well as computed tunnel air velocities. Predictions were in both cases in good 
agreement with measured data. Barometric pressure differences between the portals were 
shown to have a significant impact on results, as did the background deep ground temperature 
level.  

Keywords: tunnel simulation, tunnel environment, long term-prediction 

1. INTRODUCTION

Background 
In this paper, measured temperatures in the Hallandsås tunnel in Sweden are compared with 
results from an IDA Tunnel simulation model. The Swedish Transport Administration (STA) 
decided to perform such measurements in the Hallandsås tunnel and to use the measurement 
data to validate a simulation model of the tunnel. The tunnel consists of two 8.7 km long tunnel 
tubes with single-track, one-way traffic.  

Air velocities are continuously measured in the tunnel by STA. Measurements of air and wall 
temperatures in the tunnel have been carried out by the Swedish Road and Transport Research 
Institute. The measurement data have been compared with results from a simulation model 
created in IDA Tunnel version 1.2.1. IDA Tunnel is used to analyse climate and 1D airflow in 
railway and road tunnels. The simulations consider, among other things, actual weather 
conditions at the site during the measurement period, heat storage in tunnel walls and ground, 
moisture conditions and the impact of train traffic.  

In a separate work, cold and ice in tunnels of a proposed high-speed railway through Sweden 
have been studied using IDA Tunnel [1]. Two small validation studies using measurements in 
the Glödberg and Åsa tunnels are presented in the same report. 

Methods for seasonal temperature predictions in underground tunnels 
In the 1970’s, the 1D Subway Environment Simulation (SES) program was developed by US 
public authorities. SES allows for dynamic simulation of train piston action and outputs 
airflows, temperatures, and humidity. SES focuses on the simulation of a single metro rush hour 
under constant operating conditions but also has a simplified method for predicting annual and 
diurnal temperatures based on assumed sinusoidal temperature variations. The basic structure 
of SES, with constant tunnel operating conditions, does not permit the study of tunnel 
ventilation system control. The last major release of SES, version 4.1, was in 2001.  

More recently, the Subway Thermal Environment Simulation Software (STESS) has been 
developed by researchers at Tsinghua University [2] with the explicit purpose of studying 
control strategies for metro systems. It is based on an incompressible aerodynamic model that 

DOI: 10.3217/978-3-85125-883-7-13
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is similar to SES (and thereby to IDA Tunnel). Also similar to IDA Tunnel, it has a finite-
difference ground model and can thereby, in principle, compute arbitrary time variations in 
tunnel operation including the effect of buoyancy driven flows.  

STESS relies on a cartesian 2D model of the ground around a tunnel segment, and, thereby, 
permits the definition of inhomogeneous ground properties. The software applies a combination 
of monthly and hourly timesteps to capture long-term as well as short-term ground heat-up. The 
details of this process is not clearly described in [2]. 

The IDA Tunnel ground model is based on superposition of multiple 1D temperature fields, to 
capture the true 2D field of (at most) two identical tunnel bores, including the influence from 
the ground surface. Multiple tunnel wall material layers can be described, but contrary to 
STESS the surrounding ground is assumed to have constant thermal properties. 

Another method for seasonal temperature predictions in train tunnels is using the simulation 
tools Thermo and ThermoTun coupled, as reported by HBI in [3]. Thermo is developed by HBI 
and is used for simulation of thermal conditions in train tunnels. ThermoTun is developed by 
Dundee Tunnel Research and is used for simulation of aerodynamic and thermodynamic 
phenomena in rail and metro tunnels. 

2. MEASUREMENT CAMPAIGN 

Measurements of air temperature, relative humidity, wall surface temperature and wall inside 
temperature were carried out during a 27-month period starting in February 2019 [4]. The tunnel 
has been equipped with sensors that samples values once an hour. 

The positions of the measuring stations are shown in Figure 1. 

 
Figure 1: Position of measuring stations. T1-T5=Temperature measuring stations, RH=Relative humidity measuring stations, 
L=Air velocity measuring stations, N=Measuring station is located in the tunnel with northbound traffic, S=Measuring station 

is located in the tunnel with southbound traffic. The numbers at the end indicate the distance from the entrance in metres. 

Air temperature and surface temperature are measured at measuring stations 50, 500, 1000, 
2000 and 4300 m from the entrance to each tunnel tube. Air temperature is measured 1.5 m 
above the walkway. Surface temperature at measuring stations 50 m from the entrances is 
measured 0.3 and 3 m above the walkway. Surface temperature at other measuring stations is 
measured 0.3 and 2 m above the walkway. Wall inside temperature is measured 5 cm into the 
wall, 50 m from the entrance and 1.3 m above the walkway. Relative humidity is measured 52 
m from the entrance and 1.5 m above the walkway. 

Air velocities are collected from one anemometer in each tunnel tube from January 20, 2020, 
and onwards with a sampling period of 10 s. Both anemometers are located 1460 m from the 
northern portal and around 4.2-4.5 m above top of rail level. The measurements are sensitive to 
turbulence caused by train passages. 
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Due to various problems with the data collection, the period between March 2, 2020 and May 
31, 2021 was selected for the comparison. 

3. SIMULATION MODEL INPUT DATA 

 Model variants 
Two different variants of simulation models with respect to air velocities have been used in the 
comparison: 

- Simulated with measured air velocity: In this variant, measured air velocity is used as a 
boundary condition. Simulated air velocity is then equal to measured air velocity.  

- Simulated with computed air velocity. In this variant, the air velocity is a simulation result 
that varies with the influence of buoyancy, portal barometric pressure variations and 
aerodynamic impact from train passages. 

The tunnel became operational by the end of 2015 and the comparison period starts almost five 
years later. To estimate the initial temperature state of the ground around the tunnel at the 
beginning of the comparison period, the time until the beginning of the comparison period is 
simulated separately. Due to the lack of air velocity measurement data during this period it was 
simulated with computed air velocity only. The resulting ground temperature at the end of the 
simulation period is used in describing the initial state for both model variants used in the 
comparison.  

 Geometry and height profile 
Figure 2 shows the tunnel height profile, cross section area and which part that has concrete 
lining. The southern portal is located 13 m above the north portal. There is a high point 6440 m 
from the northern portal. The gradient is 3 ‰ between the high point and the portals. 

Around 84 % of the lined tunnel length consists of precast concrete segmental linings and the 
rest of cast in-situ concrete lining. About 30% of the rock tunnel sections are covered by 
insulated drains. All changes to the cross-sectional area consist of smooth geometric transitions 
that are assumed to result in negligible pressure losses. 

 
Figure 2: Tunnel height profile, cross section area and parts with concrete lining vs bare rock. 

A Darcy-Weisbach friction factor of 0.02 is assumed as an average value for the whole tunnel. 

There are 19 cross passages for emergency evacuation between the tubes. The cross passages 
have fire doors in each end which are closed during normal operation. Air leakage through the 
fire doors is considered to be insignificant and the cross passages have therefore not been 
modelled. 
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 Ground 
Table 1 shows values for thermal parameters of the ground around the tunnel and tunnel 
construction materials used. All values in the table are assumed. Polyethylene mat and air gap 
are used in insulated drains. The thickness of all construction material layers varies and is not 
reported here. 
Table 1: Thermal parameters of ground and tunnel construction material. λ is thermal conductivity W/mK; ρ is density, kg/m3 

; cp is specific heat capacity, kJ/kgK;. 

Material λ ρ cp 
Ground (rock) 3.5 2 700 880 
Concrete 1.7 2 300 880 
Shotcrete 1.7 2 300 880 
Polyethylene mat 0.04 20 940 
Air gap 0.5 1.2 1 006 

 
The deep, undisturbed ground temperature is an important boundary condition and initial value. 
An accurate measurement of this key input is difficult to achieve, especially in an urban 
environment. Normally, the historic average air temperature is applied with some compensation 
for the heat island effect. Here, the value of this input parameter has been adjusted through a 
parametric study to increase agreement between measured and simulated wall surface 
temperature during the comparison period. This has resulted in the value +9.6°C being used for 
the deep, undisturbed ground temperature. Incidentally, this corresponds to the average air 
temperature that was measured by a nearby weather station during the period from when the 
tunnel became operational until the start of the comparison period. 

Heat flux through the ground and wall between the parallel tunnel tubes are simplified by 
superposition of temperature fields where one tunnel tube is considered to have an exact copy 
20 m next to it, i.e. the temperature of the actual adjacent tunnel tube (which has the opposite 
direction of traffic) is not considered. This simplification is considered to have limited impact 
on the results.  

Groundwater seepage into the tunnels varies during the comparison period varies between 2.0 
and 4.5 l/s in the north and 5.3 and 5.6 l/s in the south, respectively [5]. The advected heat will 
influence the temperature profile into the tunnel wall. It is assumed that no groundwater is 
exposed to tunnel air. 

 Ambient 
Recorded ambient air temperature, relative humidity and pressure is used as boundary 
conditions at the portals. 

For air temperature and relative humidity, the monitoring station closest to the north portal is 
located about 4.5 km northeast of the northern portal [6] and the monitoring station closest to 
the south portal is located about 9.25 km northwest of the southern portal [6]. The monitoring 
stations sample data with half hour intervals. 

For barometric pressure, the monitoring stations closest to the tunnel are located about 60 km 
north-northeast of the north portal [7] and 8 km south-southeast of the south portal [8]. Due to 
the large distance between the monitoring stations, a barometric gradient has been calculated 
between them which has been used to estimate the barometric pressure at the portals. The 
monitoring stations sample data with hourly intervals. 
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Impact from wind pressure is assumed to have a negligible influence on results and is not 
considered. 

 Trains 
Table 2 shows train types and a number of relevant parameters used to model them. 

Table 2: Train types used in the simulation and some of the parameters describing them. 

Parameter Unit X31 X55 X61 Freight 
train 

Train length m 79 107 74 466 
Front area m2 9.3 11.5 11.4 13.2 
Perimeter of front area m 11.4 12.6 12.6 12.8 
Nose drag coefficient - 0.50 0.45 0.45 0.62 
Skin friction coefficient - 0.012 0.014 0.012 0.031 
Total weight incl. pass./cargo ton 180 310 179 1125 
Tractive power kW 2 300 3 180 2 000 3 600 
On-board services heat kW 40 85 40 0 
Average number of passengers - 115 123 117 - 
Davis formula coefficient A m/s2 0.0103 0.0071 0.0092 0.013 
Davis formula coefficient B 1/s 0.0003 0.00019 0.0004 0.00027 
Speed km/h 180 200 160 86 

 
The number of train passages per day and tunnel tube is shown in Table 3. 

Table 3: Number of train passages per day in each tunnel tube. 

 X31 X55 X61 Freight trains 
Weekdays 19 2 7 0.8 – 8.8 
Saturdays 16 5 0 0.8 – 8.8 
Sundays 16 5 0 0.8 – 8.8 

 Heat loads 
The only heat loads in the model are the ones generated by the trains.  

4. RESULTS 

To improve readability, the graphs show measurement data and simulation results as daily 
averages. However, no averaging has been applied to any of the input data. 

Since several measuring stations in the tube with southbound traffic were not able to record 
data during long periods of time, results are shown only for the tube with northbound traffic. 
The level of agreement between measured values and simulation results in the tube with 
southbound traffic, during periods when recording of measured values worked, is similar to that 
observed for the tube with northbound traffic. 

Figure 3, 4 and 5 shows air and wall temperatures 50, 1000 and 4300 m, respectively, into the 
tube with northbound traffic (from the entrance). Figure 6 shows air speed and wall inside 
temperature at 7258 and 50 m, respectively, into the tube with northbound traffic (from the 
entrance. 
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Figure 3: Daily average air and wall surface temperature 50 m into to the tube with northbound traffic (from the entrance). 

 

 
Figure 4: Daily average air and wall surface temperature 1000 m into the tube with northbound traffic (from the entrance). 

 

 
Figure 5: Daily average air and wall surface temperature 4300 m into the tube with northbound traffic (from the entrance). 
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Figure 6: Left: Daily average air velocity (negative value means in the direction of traffic) 7258 into the tube with 

northbound traffic (from the entrance). Right: Temperature 5 cm into the wall, 50 m into the tube with northbound traffic 
(from the entrance). 

5. DISCUSSION 

The comparisons show that the simulation results are generally in good agreement with the 
measured values. The simulation models deal with a large set of parameters that are important 
in temperature studies of tunnels, such as thermal properties of tunnel construction materials 
and surrounding ground, geometry, elevation profile, actual weather conditions and train traffic. 

Two important sources of error are uncertainties in the input data indicating the barometric 
pressure at the tunnel portals and the deep, undisturbed ground temperature. These parameters 
have a significant impact on results and are typically difficult to find input data for. The weather 
stations from which air pressure measurements were taken are located at great distances from 
the portals. This introduces uncertainty in the barometric gradient calculated from the weather 
station data that is used to estimate the barometric pressure difference between the portals.  

The value used for the deep, undisturbed ground temperature was +9.6°C, as this value provided 
the best agreement between simulation results and measurement data. This value was found to 
correspond to the mean temperature of the weather station nearest to the southern portal for the 
four previous full years before the start of the comparison period. The corresponding mean 
temperature for the weather station closest to the northern portal was +8.6°C. In sparsely 
populated areas the deep, the undisturbed ground temperature usually corresponds to the annual 
mean temperature for the site, so a better agreement would have been expected if the deep, 
undisturbed ground temperature had been set equal to the mean of the temperatures of both the 
northern and southern portals for a large number of years before the comparison period. Here, 
effects from groundwater flow may be part of the explanation.  

Another obvious source of error is the estimate of traffic in the tunnel. Although good records 
of timetables and types of trains were found, the mixture of passenger and freight trains is not 
ideal for this type of study. No tuning of the traffic parameters was done and as Figure 6 (left) 
indicates, the computed air velocities were slightly higher than those measured. It may be 
somewhat counterintuitive that the simulations with computed air velocities sometimes show 
better agreement between simulated and measurement temperatures, than simulations based on 
measured air velocities.  

Air velocities are measured with only one anemometer in each tunnel and the measurements 
are sensitive to turbulence caused by train passages. As air velocity affects the temperature in 
the tunnel, this is a source of error in the simulation where measured air velocities are used as 
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a boundary condition. In addition, it makes it difficult to assess how well simulated air velocities 
correspond to the actual ones. 

6. CONCLUSION 

The present study gives an indication of the type of accuracy that can be achieved with a 
reasonable amount of data collection and effort in using IDA Tunnel. As for any field study, 
the agreement is not perfect, but trying to achieve improved accuracy by a more elaborated 
physical model, e.g., in 2D or 3D, is difficult to motivate. The accuracy of the predicted results 
is well in line with inherent inaccuracies in measurements and obtainable input parameters. 
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ABSTRACT 
The "Grand Paris Express" railway network is currently under construction. It has been very 
quickly predicted that piston effect created by train will be greater than the traditional Parisian 
metropolitan network and all other networks in the world. This piston effect will be reflected 
in the stations and in all the shafts positioned roughly every 800 m in the tunnels for the 
intervention of emergency services.  

These shafts are also used for ventilation for passenger comfort and safety. As a consequence, 
the equipment in the shafts will face with piston effect and will be subjected to strong variations 
in pressure. At reduced fan speed, it is expected the fans will be passed through with a negative 
airflow and also operated in negative pressure. Therefore, they will be operated in areas that are 
not defined by the usual.  

In order to characterize a "Grand Paris Express" type fan, Eiffage carried out a platform to test 
the behavior of a model fan to the train piston effect. This test bench has been designed to 
reproduce the train passage on a cycle representative of the estimated pressure variation. The 
fan is therefore operated with successive negative and positive forced pressure on hundreds of 
thousands of cycles to ensure the durability of the equipment on several years of operation.  

Keywords: metro tunnel, train piston effect, test bench, model fan 

INTRODUCTION 
The new Grand Paris Express (GPE) railway network differs from the traditional Parisian 
metropolitan network for several combined reasons. On the one hand, the infrastructure is 
constituted of a succession of 1,000-2,000 m single bore bidirectional tunnels and stations with 
optimized sections of 50 m² and, on the other hand, it is operated with trains that travel at 110 
km/h with a frequency passage of 90 s in rush hours.  

It is expected the piston effect created by the overpressure due to the mass of air pushed in front 
the train and by the depression created behind the train would be exceptional in the tunnels: 
about ± 1,000 Pa in a few seconds.  

The piston effect would be specific to each part of the lines depending of interdistance between 
stations, the slope and the curve of the track giving accelerating and braking behavior of the 
trains.  

Piston effect would be also a function of train rate depending of peak hours (8:00 to 10:00 am 
then 5:00 to 8:00 pm) and off-peak hours (the rest of the day) or during weekend with a 
frequency passage of several minutes. 

DOI: 10.3217/978-3-85125-883-7-14
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The following figure gives an illustration of the total pressure in the tunnel during the passing 
of two carousels of 10 trains spaced 90 s apart: 

 
Figure 1: the evolution of total pressure in the tunnel (calculated by 1D code) 

For the studies, the piston effect of Grand Paris Express has been characterized as follow: 

 A criterion of total pressure of + 900 Pa and – 1400 Pa (conservative); 
 A criterion of pressure gradient that is: 

 A decrease in pressure of 2,100 Pa at a rate of decrease of up to -500 Pa/s, 
 An increase in pressure of 1,600 Pa at a rate of up to 450 Pa/s. 

These pressure fluctuations are reflected in the ventilation shafts located between the stations 
where the ventilation equipment is installed. And this at each train passage. 

As a consequence, they are subjected to strong variations in pressure, which will modify the 
operating points. Therefore, they could be operated in areas of negative pressure and / or 
negative flow rates that are not defined for fans. With each passage of trains, the fans could be 
taken to unexplored operating zones. 

We were aware that the consequences could be dramatic for operation: the fans could explode 
quickly after commissioning and would cause restrictions (or closure) of lines while operating. 

Therefore, these new operating zones had to be explored. Several tests have been carried out 
with manufacturer to characterize the behaviour of the fan in the three quadrants of the curve 
(including negative flow and negative pressure) according to international standards (AMCA 
802 and NF EN ISO 5801).  

Then the endurance and resistance of the fans to these stresses had to be assessed. That is why 
a test bench has been designed, developed and build on Eiffage site to study the piston effect 
on a test fan which is similar but in smaller scale to the fans installed in Grand Paris Express 
shafts. Continuous operation of the bench makes it possible to simulate the operation of the real 
fan over several years and to test its durability. 

The paper is more specific about the test bench (the description and characterisation of the 
model fan can be found in [4]). After a brief presentation of piston effect on GPE network, the 
paper will present the design of the test bench. Then it will present the principle of the test to 
reproduce the piston effect on the model fan.  
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THE GRAND PARIS EXPRESS METRO 

The network 
Grand Paris Express (GPE) will be a 100% automatic metro system of the Capital Region in 
France [1]. With its 68 brand new interconnected stations and 200 kilometers of new railway 
lines, this transit network will consist of a ring route around Paris (line 15) and lines connecting 
developing neighborhoods (lines 16, 17 and 18). Additionally, Grand Paris Express will also 
involve the extension of existing metro lines (line 14 to South). They will provide connections 
with Paris’ airports, business districts and research clusters. It will service 165,000 companies 
and daily transport 2 million commuters. 

 
Figure 2: Grand Paris Express network 

With 90 % of lines built underground, the good functioning of the new metro is ensured by the 
essential “service structure” positioned between stations. 

Three times more numerous than stations, the 160 service structures will combine several 
functions, in particular related to passenger comfort and safety. Especially 120 of them will be 
equipped by ventilation equipment first to control smokes and protect the stations in case of fire 
in the tunnel, then to ensure air quality in the tunnel. 

The ventilation system 
The design of the Grand Paris Express ventilation system must comply with the regulation of 
22 November 2005 related to safety in tunnels of metros. [2] 

As often, the ventilation system is sized by smoke extraction. 

In the tunnel of GPE, the spread of smoke to facilitate evacuation of users and intervention of 
emergency services is controlled by a push-pull system. [3] It consists of using adjacent 
ventilation shafts in supply and/or extraction to ensure a distribution of the flows satisfying 
requested velocities. 

To generate a velocity greater than 1.5 m/s upstream of the fire and a containment velocity of 
0.5 m/s, the extraction smoke airflow in the tunnel is evaluated at 150 m³/s. 
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In operation, the comfort of passenger and air quality of tunnels is ensured by natural ventilation 
and reinforced during rush hours by mechanical ventilation working at reduced speed. The 
airflow is sized at 75 m³/s.  

For this running point, fan are extremely sensitive to piston effect. 

THE PISTON EFFECT ON FAN 
This last point can be illustrated on the operating curve of the fan (see Fig. 3). 

The fans that will be installed by Eiffage in the ventilation service structures of lines 15 South, 
16 and 17 of GPE are from Howden. The model ANR-2371/1122 will allow an operation for 
both fire extraction mode (operating point 1) and normal mode ventilation (operating point 2).  

In case of fire, the fan will generate a flowrate of 150 m³/s and counter a network resistance of 
1,200 Pa. The operating point is represented in red. In normal mode, the fan will work half 
speed and will generate a flowrate of 75 m³/s for a total pressure of 300 Pa. The operating point 
is represented in blue. 

Resistance is the green line. The effect of train arriving (overpressure of + 900 Pa in the tunnel 
experienced as decrease of 900 Pa for the fan) and train leaving (depression of – 1,400 Pa in 
the tunnel) is represented with the two green dotted lines.  

 
Figure 3: the piston effect on fan operation 

The blue curve at reduced speed shows the displacement on the operating curve implying the 
need for anti-stall treatment. At the maximum pressure point (+ 1,400 Pa), the fan will be passed 
through with a negative airflow even though the fan is still running the same direction. 

Extrapolation of the blue curve with the network curve for a tunnel pressure of + 900 Pa 
suggests that the two curves would intersect in negative pressure. This implies a priori the 
operation of the motor as a generator (negative mechanical power).  

It appeared the fans would be taken in operating zones never encountered. As a consequence, 
they have to be characterized in these zones and then operated to test their resistance and 
durability with strong pressure variations. 

It would not worth to test the piston effect on a real fan. It would take place and use a lot of 
power to be fully representative of the phenomenon. With a similitude of Reynolds and with 
same constraints on blades (with about the same tip velocity), the consequences of piston effect 
(both in the thresholds and in the pressure gradients) can be characterized on a model fan. 
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Common sense and scale consideration led Eiffage to carry out the tests on a fan with a diameter 
of 1,000 mm. This model fan has been installed on a test bench we designed and build - and 
then used - to reproduce the phenomenon of piston effect. 

THE TEST BENCH 
The test bench is made up of a circuit in which are inserted the model fan and a generator fan 
which makes it possible to impose a pressure (or train passage) in this circuit.  

The model fan can be forced with flow in one direction or the other by means of a dampers 
system, thus making it possible to simulate the effect of alternative overpressure and depression 
that are identical to the one encountered in real size. 

 
Figure 3: The test bench (front view) 

 
Figure 4: The test bench (behind view) 

More precisely, the test bench has the size of 4 x 40 ft. containers (see Fig. 3 and 4). 

The circuits are 1m x 1m metal ducts. Grids (or “flow straightener disposal”) have been added 
in upper part and lower part of circuits to reduce swirl and homogenize the flow in the ducts 
(according to standards NF EN ISO 5801).  

The model fan is a 37 kW ANR-1000/473 axial fan, where both geometric and dynamic 
similarity have been respected with the full size fan installed in the GPE shafts. [4] 

The following table gives the scaling and operating points of the model fan.  
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Table 1: real size and model fan characteristics 

 Real size Model 
Impeller diameter 2,371 mm 1,000 mm 

Hub diameter 1,122 mm 473 mm 
 Operating point 1 

Airflow 150 m³/s 26.7 m³/s 
Total pressure 1,200 Pa 1,200 Pa 
Rotation speed 980 rpm 2,324 rpm 

 Operating point 2 
Airflow 75 m³/s 13.3 m³/s 

Total pressure 300 Pa 300 Pa 
Rotation speed 490 rpm 1,162 rpm 

 
The model fan will always rotate at the same speed and in the same direction (with a shaft 
power of about 5.5 kW) and would generate a flow from left to right on the test bench (Fig. 3). 

The generator fan is a 75 kW centrifugal fan with an impeller diameter of 1,250 mm that 
produces 25 m³/s for a pressure difference of 1,800 Pa. It will be operated at constant speed and 
constant power (about 70 kW).  

Air flow is sucked from outside by the 2m x 2m portal on the left; it is rejected in a plenum of 
2m high, 1m large and 2m long. Then airflow is oriented in one or other ducts. 

When the dumper in the top ducts are closed, the flow circulates in the bottom 1m x 1m ducts 
and evacuates outside by the 2m x 2m portal on the right (Fig. 3). The model fan is passed 
through with a flow in the same direction. This is operation in positive direction (see Fig. 5). 
The pressure is imposed by means of the flow rate. On the operation curve, the point is displaced 
in the negative pressure zone as if the train was arriving. The fan receives works as a generator.  

 
Figure 5: Operation in positive direction 

When the dumper in the bottom ducts are closed, the flow circulates in the top 1m x 1m ducts, 
comes back in the bottom ducts, and evacuates outside by the 2m x 1m bottom portal on the 
middle (Fig. 3). The model fan is passed through with a flow in the opposite direction. This is 
operation in negative direction (see Fig. 6). On the operation curve, the point is displaced in the 
negative airflow zone as if the train was leaving. The fan generates a flow in one direction and 
receives a flow in opposite direction. The fan is under high pressure. 
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As the need to bring fan in negative airflow is less important, there is a discharge regulated by 
a damper in the plenum through the 2m x 1m top portal on the middle (Fig. 3 and 4). 

 
Figure 6: Operation in negative direction 

The test bench can be operated alternatively in negative pressure and negative airflow to 
simulate passage of trains with a programed sequence of dampers. Opening and closing have 
been adjusted to simulate the pressure gradient of arriving and departing train but have been 
accelerated to concatenate frequency of passage.  

They can be opened or closed in 2 seconds; the kinetics can be determined and intermediate 
position can be ordered (see Fig. 7). Dampers are operated with 4-20 mA. An example of 
opening and closing curves of dampers can be illustrated on Fig. 7. 

   
Figure 7: Opening and closing of dampers 

Instrumentation 
The test bench is equipped with many captors. On each upper and lower ducts of the circuit, 
there at least two means of airflow determination, which could be: 

 Vane anemometers; 
 Static pressure probes; 
 Measurement wings. 
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There are three anemometers: one is placed in the upper duct to measure airflow upstream the 
fan when operated in negative direction and the two others are in the lower duct to measure 
airflow upstream and downstream the fan when operated in positive direction. 

Flow is also measured with pressure probes in the area of the model fan impeller and the flow 
straighteners. Moreover, we have placed a measurement damper (a classic damper whose blades 
are fitted with pressure taps) that allow to determine the flow through the duct. [5] 

The bench has been calibrating with Pitot probe measurement on 36 vertical and horizontal 
points on a section with log-Tchebycheff distribution (according to NF EN ISO 5802). All the 
sections close to anemometers have been tested. In parallel, the “dzeta” or pressure drop 
coefficient of the disposal has been determined.  

The fan is of course equipped with vibration captors. Temperature bearings and windings are 
also measured. All data are send to SCADA cabinet and registered to be analyzed.  

The test bench can be automatically operated (train passage cycle) for endurance tests. All 
equipment can also be separately and manually operated. Under these conditions, the fan can 
be operated stationary in all configurations. 

CONCLUSION 
The train piston effect that fan installed in the ventilation shafts of the Grand Paris Express 
network will endure is currently studied on a homothetic model fan.  

The model fan has been first characterized by manufacturer for the specified operating points 
in smoke extraction mode and normal mode. It has also to be tested at negative pressure and 
negative flow, both in forward and reverse direction. [4] 

Then the model fan has been installed and operated on the test bench designed by Eiffage to 
simulate the train piston effect. The model fan has been yet operated over 300,000 cycles of 
train passages, which can be equivalent to an operation over more than 10 years. 

The test bench has allowed to test the resistance and the durability of the fan submitted to 
pressure variations with very strong pressure gradients both positive and negative over a very 
short time interval. At the end of the test, the blades will be tested to study and verify mechanical 
fatigue the fan has endured. 

The bench has allowed to test the behavior of the fan with significant airflow disturbances in 
operation. It has been experienced especially in extreme configuration of train passage: with 
the train adding a flow to the flow of the fan (fan as a wind turbine) or with the train imposing 
a flow in the opposite direction the fan is operating.  
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ABSTRACT 

The latest fire detection standard of the Japanese Ministry of Land, Infrastructure, Transport 

and Tourism (“MLIT”) requires that a 0.5m2, 2 litre gasoline fire at a distance of 25 m must be 

detected and reported within 30 seconds of ignition. The paper shows that this requirement can 

be met reliably by using 'dual' video cameras, each with both thermal and optical functionality. 

It then describes how this capability can be incorporated into tunnel monitoring systems. The 

effectiveness of the method is demonstrated by the results of nine tests in a full-scale tunnel, 

namely three tests for each of three rates of airflow, nominally 0, 2.5 & 5.0 m/s. Every fire was 

detected in less than 10 seconds, thereby far exceeding the MLIT standard.  Also, the passage 

of hot body vehicles through the test tunnel did not trigger false alarms. In addition to describing 

the system and the tests, the paper discusses related issues of practical importance to tunnel 

operators. 

Keywords: rapid fire detection, rapid fire notification, thermal camera, fire test 

1. INTRODUCTION

In 2019, the Japanese Ministry of Land, Infrastructure, Transport and Tourism (“MLIT”) issued 

a revised tunnel-fire standard. The new standard requires that a 0.5 m2, 2 litre gasoline fire at a 

distance of 25 m must be detected and reported within 30 seconds of ignition. It also requires 

that the detection must be linked to automated emergency notification equipment and it called 

for a new technology for such equipment. 

The required speed of detection is very challenging for existing systems. For example, a 

relatively recent system based on a linear temperature sensor cable has not been proven to meet 

it. That system has been shown to be capable of detecting fire from a 12 litre N-Heptane on 

1.0m2 fire pan within 30 seconds [1], but it has not been validated with smaller fires.  It cannot 

be assumed to be able to meet the new standard because smaller fires will generate less heat 

and hence will increase the time before detection. Linear temperature sensor cables continue to 

have a valuable purpose (see Section 5), but a different technology is needed to be certain of 

meeting the new MLIT standard. 

2. DUAL-SENSOR VIDEO CAMERAS

The detection system introduced herein is based on the use of dual-sensor video cameras that 

have one optical sensor and one thermal sensor [2].  The thermal sensor fulfils the primary 

function of rapid detection.  It is targeted to do this much sooner than the 30 s limit prescribed 

in the MLIT standard. Thermal cameras enable visibility in bad weather and in dark 

environments. They detect infrared wavelengths that correspond to the temperature of the object. 

Accordingly, they are highly suited to detecting temperature increases caused by fires. 

Furthermore, they can detect the presence of people and animals even in situations where an 

optical camera's view is obstructed by smoke or lack of light. 

DOI: 10.3217/978-3-85125-883-7-15
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The optical sensor enables rapid verification of incidents reported by the thermal sensor. This 

is an important intended use, but it is far from being the only one because it will also be available 

for continuous monitoring during routine operation. The particular camera chosen for testing 

provides optical images of a similar quality to those of conventional high definition (“HD”) 

optical cameras.  If linked to suitable image-processing technology, it could be used for rapid 

detection of non-fire incidents. 

3. FIRE DETECTION TESTS IN A FULL-SIZE TUNNEL 

In February 2021, a series of fire tests was undertaken in a full-size, experimental tunnel owned 

by Japan Construction Method and Machinery Research Institute (near Mount Fuji). The tunnel 

is 80m long and 7.8m high and its cross-sectional area is 78m2. The purpose of the tests was to 

determine whether the cameras could detect fires reliably within the required maximum time of 

30 s.  Two cameras were installed, one at a distance of 25 m from the fire pan and the other at 

a distance of 50 m.  Each was mounted at a height of 3.5 m, which is the same as the height 

of CCTV cameras in Japan.  There was no communication between the cameras.  The reason 

for having two of them was to enable their performance at different distances from the fire to 

be assessed. Figure 1 shows the arrangement of the two cameras and the fire pan in the tunnel. 

 

Figure 1 Arrangement of fire pan and cameras in the test tunnel 

Tests were conducted at three airflow speeds along the tunnel, namely 0, 2.5 and 5.0 m/s. Three 

tests were undertaken at each speed so that repeatability could be monitored. The reason for 

testing at different wind speeds is that this influences the behaviour of fires.  For instance, the 

greater the speed, the smaller the size of the image seen at the camera – because the flame bends 

over.  In addition, higher wind speeds cause greater turbulence and this causes flames to 

fluctuate.  One consequence of this is that true repeatability is not possible in tests such as this, 

thereby increasing the importance of undertaking repeat tests. 

One limitation of the tests was the length of the tunnel.  It is intended that further tests will be 

carried out at another location in future to test the performance of the cameras at greater  

distances – 100 m or even more.  The results of such tests will imfluence the number of 

cameras needed for safe operation.  This is important for maintenance and supervision as well 

as for initial cpital costs. 

3.1 Test results - fire 

The middle and right-hand columns in Figure 2, 3 and 4 show thermal images at the instants 

when the fires were detected. The images in the middle column are from Camera-1, which was 

25m from the fire, and those in the rght-hand images are from Camera-2.  The left-hand 

columns give the Test Number together with the measured speed of air flow.  The time from 
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ignition of the fire until dectection is listed beneath each image.  In colour versions of the 

figure, the fire is seen as a red blob.  In all cases, Camera-1 detected the fire before Camera-2, 

but the additionl delay was only about 2 s on average even though doubling the distance reduced 

the size of the fire image by a factor of two (width) and a factor of four (area).  Importantly, 

all nine fires were detected by both cameras in less than 10 s, which is far inside the 30 s window 

required by the new MLIT standard.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4 Thermal image at the instant of detection (air velocity = 5.0 m/s) 
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Further quantitative data about the test configuration are given in Table 1. The outer columns 

give the same numerical values as those shown in Figures 2, 3 & 4 and the inner columns list 

environmental data.  The correlation between the detection times and the air velocity was 

somewhat unexpected.  For camera-1, the average detection times at air speeds of 0, 2.5 and 

5.0 m/s were pproximately 3.2, 5.8 and 5.0 s respectively and those for Camera-2 were 

approximately 5.9, 7.4 and 6.4 s.  Of these six averages, only the value of 3.2 s stands out from 

the rest.  This gives some cause to suspect that the influence of air speed on behaviour of a 

flame (as described in Section 3) is significant only at small velocities.  However, the evidence 

of the 2.5 and 5.0 m/s data certainly does not support any expectation that the effect would 

increase with increasing speed. This suggests that the thermal sensors are more senstive to the 

overall heat amplitude than to the size of the image presented by the heat source.  

The illumination in the location of the cameras themselves was measured because, in principle, 

it can influence the performance of various types of camera.  However, the evidence in Table 1 

suggests that this did not have a significant influence on the performance of the thermal sensors.  

Camera-2 performed well even though it was at twice the distance of Camera-1 and also was 

close to the tunnel portal and thereby in an especially brightly-lit location. 

Table 1 Results of fire tests 

 

The other environmenta parameters recorded on site were the temperature and humidity of the 

inflowing air.  Of course, such data cannot be conrolled, but, instead, are climate and weather-

dependent.  In practice, the temperatures did not vary significantly during the tests and, 

although the specific humidity variaied by almost a factor of two, all values were quite low.  

In practice, therefore, little can be inferred about any possible influence of either of these 

parameters. 

3.2 Test results – non-fire heat sources 

The 100% detection performance of the cameras in the fire tests is highly encouraging.  

However, it is also important that this is not achieved at the expense of allowing non-fire heat 
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[deg. C] 

  

  

humidity 

[%] 

  

  

camera 1 

(25m) 

  

  

camera 2 

(50m) 

  
fire pan 

  

camera 1 

(25m) 

  

  

camera 2 

(50m) 

  

1 0.22 120 140 1300 13.3 32.4 3.0 5.0 

2 0.15 100 140 1300 14.0 30.7 2.9 5.7 

3 0.01 100 140 1300 15.1 28.2 3.8 7.0 

4 2.96 100 140 1300 15.1 20.9 6.3 8.7 

5 2.60 100 160 1600 16.5 17.2 7.1 7.7 

6 2.57 100 140 1700 15.1 19.0 4.0 5.8 

7 5.53 80 140 2100 16.8 18.2 4.0 5.0 

8 5.62 80 160 2500 15.4 18.0 6.1 8.1 

9 5.95 80 140 2500 14.2 21.1 4.8 6.0 
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sources to trigger unacceptable numbers of false alarms.  Accordingly, additional tests were 

conducted in which vehicles with hot spots (exhausts gases, etc) and hot body shells (from 

engines and long exposure to direct sunlight) passed through the factory road (Fig.5). These did 

not trigger alarms even though some (highly) local temperatures will have been close to those 

expected in the early stages of a fire. In addition, tests were conducted outside the tunnel on 

vehicles that had been exposed to hot sunshine for lengthy periods.  Again, these did not 

trigger alarms. 

Experience of continuous, day-to-day operation in an existing tunnel will be necessary before 

the true likelihood of false alarms can be determined unequivocally.  However, the 0% record 

in tests designed to replicate real behaviour as closely as practicable is a strongly encouraging 

sign. 

 

Figure 5: Hot body testing failed to cause false alarms 

4. FIRE DETECTION AND TUNNEL MONITORING SYSTEMS 

In a practical implementation in a road tunnel, there would be multiple cameras. The most 

suitable distance between successive cameras cannot be finalized until further tests have been 

undertaken at greater distances that were possible in the test tunnel.  Provisionally, however, 

it is assumed that reliable detection will be possible in much less than 30 s at distances in excess 

of 100 m.  Accordingly, it is expected that cameras will be installed in pairs at intervals of 

200 m, with one facing in each direction. This arrangement has the following practical benefits: 

⚫ It enables fires to be seen from both directions. This has obvious advantageous for the 

optical sensors, but it is also useful for the thermal sensors because it reduces the possibility 

of non-detection caused by vehicles blocking lines of sight to a fire. 

⚫ If it is found to be necessary to install a local panel or box adjacent to the camera, the 

required number of such boxes will be halved. 

The integration of the cameras into the tunnel monitoring system is illustrated in Figure 6.  The 

left-hand box shows successive pairs of cameras, one from each pair being needed to cover both 

sides of an incident in the intervening 200 m.  The signals from the cameras are passed to the 

control panel that is responsible for triggering automatic responses as well as for 

communicating with operators when the system is being monitored by humans.  The details 

of the control panel and its algorithms are not given here, partly because some will be site-

specific even though others will be universally applicable.  However, the proposed 

Hot body heated by sunlight  Hot spot due to sunlight reflection  
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methodology closely resembles that described by Sakaguchi et al [3] for detection using linear-

temperature sensor cables. 

 

Figure 6 Integration of cameras in the tunnel monitoring system 

5. OPERATIONAL CONSIDERATIONS 

The system can provide fire detection comparable to conventional systems using combinations 

of infrared sensors and CCTV cameras.  However, the use of dual cameras that combine the 

two types of sensor in single unit has obvious advantages for installation and maintenacnce 

purposes as well as for system integration and capital cost.  Furthermore, the tests reported 

above give preliminary evidence that the proposed system is likely to be both quicker and more 

reliable than existing systems, although there is not yet enough evidence to justify such a 

conclusion rigorously.  Also, any new approach requires careful attention be paid to possible 

disadvantages, inadequacies and maintenance issues and this process has revealed some scope 

for future development as well as issues that can be addressed during further development 

and/or through appropriate maintenance specifications.  One example of each of these possible 

types of counter-measure is now given. 

Any surveillance system that relies upon having a direct line of sight between a sensor and an 

incident can be rendered ineffective by obstructions to the line of sight.  In road tunnels, such 

obstructions can be caused by intervening vehicles.  This is especially likely when one or more 

such vehicles are large and stationary – although that is less likely during the early stages of a 

fire when detection is most effective at reducing potential consequences.  Examples of such 

detection delays with existing systems using flame-based sensors have been reported where a 

fire was not detected for many minutes due to the vehicles blocking the line of sight to the fire 

flame.  In principle, this issue could be addressed by installing the cameras at shorter intervals 

than currently envisaged, but that is not the only option.  Another possibility is to make use of 

linear-temperature sensor cables that are easily installed and, as indicated above, have been 

shown to effective, albeit not sufficiently responsive to meet the new MLIT requirements. 

As an example of potential maintenance issues, attention is drawn to the need for one of the 

dual cameras at any particular location to face in the direction opposite to the main traffic flow.  

This will increase the rate at which the lenses become dirty and thereby cause the quality of the 

images to deteriorate.  Specially-designed hoods are being developed to reduce this problem.  

In the case of bi-directional tunnels, the problem could also be reduced by installing each 
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camera on the side of the tunnel in which the direction of traffic flow is the same as the camera 

direction. 

6. SUMMARY AND CONCLUSIONS 

A new fire detection system for road tunnels is at an advanced stage of development and its 

core function has been tested in a full-scale tunnel.  The system is based on the use of dual 

video cameras that have two sensors, one for thermal imaging and one for optical imaging.  

The motivation of the development is the existence of of a new fire standard in Japan, requiring 

fire to be detected and automatic responses initiated within 30 seconds of ignition.  This has 

to be achieved for a 2 litre gasoline fire size of 0.5 m2 at a distance of 25 m. 

An outline of the new system has been presented. One pair of dual cameras is installed at 

intervals of 200 m along the whole of the tunnel.  One camera in each pair faces forwards and 

the other faces backwards, giving cover of any incident from both directions. 

The full-scale tests were conducted in a tunnel that is used only for R & D and is only 80 m 

long so the new system has yet to be proven at distances implied by the proposed design.  

However, in the tests, a camera at a distance of 50 m from the pan fire achieved a 100% 

detection rate in less than 10 s.  Furthemore, the passage of vehicles with hot-spots did not 

trigger false alarms. 

Attention has been drawn to examples of issues that need to be addressed by any detection 

system and possible counter-measures have been identified.  These include tunnel-specific 

modifications to hardware that will reduce implications for maintenance schedules.  

There is a strong expectation that the required detection standards will be met with existing 

technology and that future developments in camera technology will enable even greater 

distances between successive camera locations to be accceptable. 
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IN MENTAL STRESS AND WALKING SPEED DURING TUNNEL FIRES 
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ABSTRACT 
To investigate the relationship between mental stress and walking speed in a smoke-filled 
tunnel, an evacuation experiment was conducted in a smoke-experience tent, where 16 students 
(8 males and 8 females) participated. The heart rate change rate before and during the 
experiment (Group 0: <1, Group 1: 1–1.2, Group 2: >1.2) was used as an index of mental stress. 
The mean walking speed in smoke of each group were calculated based on gender. At Cs = 0.5–
1.0 m-1, the mean walking speed values of the females of Groups 0, 1, and 2 were 0.72, 0.94, 
and 1.23 m/s, respectively. the mean walking speed gradually increased as the heart rate change 
rate increased. However, the mean walking speed values of the males of Groups 0, 1, and 2 
were 1.05, 0.83, and 0.75 m/s, respectively. the mean walking speed gradually decreased as the 
heart rate change rate increased. This indicates that males and females possess different spatial 
cognitive styles, implying that the influence of mental burden on walking differs based on 
gender. 

Keywords: tunnel fire, smoke, walking speed, mental stress, gender, experimental. 

1. INTRODUCTION

When a fire occurs in a tunnel, people evacuate through smoke, and there is a substantial risk 
of human casualties. To minimize this risk, evacuation behavior in smoke-filled tunnels should 
be investigated. There are several evacuation behavior studies in smoke-filled tunnel like spaces 
[1–9].  

However, there are few studies on mental stress-related evacuation behavior other than Jin [10] 
and Seike et al. [11]. Leach [12] reported that during ship and airplane disasters, 10%–20% of 
evacuees can act and decide calmly, whereas 70%–75% freeze and 10%–15% cry or scream. 
In addition, because of heart rate increasing and breathing difficulties due to acute stress 
reaction in the evacuation [13], the smooth evacuation is difficult. Therefore, it is necessary to 
consider mental stress in the evacuation. Jin [10] evaluated mental stress based on heart and 
breathing rates and reported that when people experienced mental stress caused by smoke, their 
walking speed slowed down. However, Jin’s experiment was conducted over 40 years ago, and 
mental stress and walking speed had not been measured at the same time. Additionally, the 
gender differences had not been investigated.  

Seike et al. [11] evaluated mental stress based on the heart rate and blood pressure, and reported 
that when the participants felt mental stress owing to the loss of visibility caused by wearing an 
eye mask, their walking speed slowed by 0.1 m/s. However, Seike et al. [11] did not consider 
smoke and the gender differences. Therefore, to investigate the relationship between mental 
stress and walking speed in smoke-filled tunnels, and differences in this relationship based on 
gender, we conducted a smoke evacuation experiment.  

This paper focused on the gender behavior difference in the case of individual evacuation for 
the fundamental data to expand group dynamics based on this data in the future topic. 

DOI: 10.3217/978-3-85125-883-7-16
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2. METHODOLOGY 

 Smoke experience tent 
The experiment was conducted in a smoke-experience tent (tent, Figure 1). The length, width, 
and height of the tent were 10, 2, and 2 m, respectively. Four checkpoints (CPs) were set up 
inside the tent (Figure 2). The longitudinal and vertical directions were indicated by x and y, 
respectively, and the origin was set at CP1. For smoke density, three smoke density 
measurements were used to calculate the intensity of the incident light and the intensity of light 
passing through the smoke. Then, the following Lambert–Beer law was used to convert these 
values into smoke density: 

𝐶𝑠 ൌ
1
𝑙
𝑙𝑛
𝐼଴
𝐼

 

Where Cs is the smoke density, I0 is the intensity of the incident light, I is the intensity of light 
passing through the smoke, and l is the light path length (l= 0.8 m). 

    
Figure 1: Inside (left) and outside (right) the smoke tent 

 
Figure 2: Evacuation route 

 Scenario 
Participants were asked to evacuate by passing through CP1, CP2, CP3, CP4, and CP1. The 
evacuation route includes two paths along the wall (CP2–CP3, and CP4–CP1) and two diagonal 
paths (CP1–CP2, and CP3–CP4). To confirm the fundamental data of mental stress and walking 
speed under the smoke condition, this study focused on the paths along the wall. Each 
participant was asked to participate in five experiments with different smoke densities (Cs = 0–
2.35 m-1). Before the experiment, the participants were given an instruction, as stated below:  

“A fire occurred in the tunnel, and the space became completely dark filled with smoke, 
therefore, please evacuate on an urgent basis.” 

4.5 m
4.0 m

3.6 m
5.0 m

CP1

CP2 CP3

CP4

y

x

Checkpoint (CP) Smoke density measurement Smoke generator
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 Heart rate measurement 
Ettema et al. [14] reported that heart rate is influenced by sympathetic and parasympathetic 
nerves and increases during mental stress load. Therefore, this study evaluated mental stress 
using heart rate variability as an index. Heart rate was measured in the experiment using Wahoo 
Tickr WF124 (arm-wound activity meter). 

 Participants 
Sixteen students participated in the experiment (eight males and eight females). The age of the 
males ranged from 21 to 25 (mean age of 23 years), and the age of the females ranged from 20 
to 23 (mean age of 21.4 years). The participants were instructed to wear a safety vest, a helmet, 
a mask, and knee and elbow pads and carry a stopwatch during the experiment. In addition, 
they were instructed to carry flashlights, referring to news [15, 16] that evacuees used the light 
of their cell phones during tunnel fire accidents. 

3. RESULTS 

 Walking speed 
To investigate the walking speed under the smoke condition and its differences based on gender, 
the mean walking speed was calculated considering a smoke density increment of 0.2 m-1 
starting from 0 (i.e., 0, 0.3–0.5, and 0.5–0.7 m-1) (Figure 3). The horizontal and vertical axes 
corresponded to Cs and mean walking speed, respectively. The error bars corresponded to 95% 
confidence intervals. And the smoke density levelling was determined in this section. 

For males (Figure 3(i)), the mean walking speeds were 1.03 and 1.09 m/s at 0 and 0.40 m-1, 
respectively. the mean walking speed at 0.4 m-1 was faster than that at 0 m-1. From 0.50 to 1.00 
m-1, the mean walking speeds decreased to <1 m/s but tended to gradually increase. After 1.00 
m-1, the mean walking speed gradually decreased, and after 1.40 m-1, the mean walking speed 
decreased to <0.8 m/s. There were no participants at 1.9–2.1 m-1. For females (Figure 3(ii)), the 
mean walking speeds were 1.08 m/s at 0 m-1, and 0.96 m/s at 0.48 m-1, which was slower than 
that at 0 m-1 and decreased to <1 m/s. After 0.50 m-1, the mean walking speed was 0.82 m/s at 
0.79 m-1, which was less than 0.9 m/s. After 1.00 m-1, the mean walking speed was 0.76 m/s at 
1.24 m-1, which was less than 0.8 m/s. However, the mean walking speeds at 0.59 and 1.02 m-

1 were faster than that at 0 m-1 as the error bars were larger, ranging from 0.82 to 1.38 m/s and 
0.91 to 1.42 m/s, and the sample sizes were small (9 and 10, respectively), suggesting that the 
mean walking speeds were influenced by the faster participants. Moreover, after 1.40 m-1, the 
mean walking speeds were 0.69 m/s at 1.42 m-1 and 0.64 m/s at 1.74 m-1, which were less than 
0.7 m/s. However, the mean walking speeds were faster than 0.9 m/s at 1.60, 2.01, and 2.19 m-

1 owing to the smaller number of samples (9, 4, and 4, respectively) and larger error bar ranges 
(0.67–1.22, 0.69–1.17, and 0.52–1.46 m/s, respectively). 

In summary, for the males, except for 0.40 m-1, the mean walking speeds at all the smoke 
densities were slower than that at 0 m-1. From 0.50–1.00 m-1, the mean walking speeds tended 
to increase. From 1.00–1.40 m-1, the mean walking speeds gradually decreased. After 1.40 m-1, 
the mean walking speeds decreased to <0.8 m/s. For females, except for 0.59 and 1.02 m-1, the 
mean walking speeds at all the smoke densities were slower than that at 0 m-1. From 0–0.50 m-

1, the mean walking speed decreased to <1 m/s. From 0.50–1.00 m-1, the mean walking speed 
decreased to <0.9 m/s. From 1.00–1.40 m-1, the mean walking speed decreased to <0.8 m/s. 
From 1.40–1.76 m-1, the mean walking speeds decreased to <0.7 m/s. And after 1.76 m-1, the 
mean walking speeds increased. It was found that the walking speeds of males and females 
under the smoke condition were different. However, the mean walking speeds of the males and 
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females changed at 0.50, 1.00, and 1.40 m-1. Therefore, we classified the smoke density into 
five Cs levels, L0 (Level 0) (0 m-1, no smoke), L1 (0–0.50 m-1), L2 (0.50–1.00 m-1), L3 (1.00–
1.50 m-1) and L4 (over 1.50 m-1). 

 
(i) Male 

 
(ii) Female 

Figure 3: Mean walking speed at 0.2 m-1 

 Heart rate 
To investigate the mental stress under the smoke condition and its differences based on gender, 
the heart rate change rate (the ratio of the heart rate before the experiment to the mean heart 
rate under the smoke condition during the experiment) was calculated as an index of mental 
stress. We calculated the mean heart rate change rate of the participants whose heart rate 
increased during the experiment based on the gender and Cs level (Figure 4). The horizontal 
and vertical axes correspond to the Cs level and mean heart rate change rate, respectively. The 
error bars correspond to 95% confidence intervals. As the participants were nervous and 
anxious about the experiment before the start of the first experiment, the heart rate before the 
experiment was used as the mean heart rate for 3 minutes before the start of the second 
experiment. 

The mean heart rate change rates of the males were 1.23 at L0, 1.22 at L1, 1.24 at L2, 1.15 at 
L3, and 1.11 at L4. The mean heart rate change rates of the females were 1.22 at L0, 1.26 at L1, 
1.19 at L2, 1.10 at L3, and 1.15 at L4. At L0, the difference between the mean heart rate change 
rates of the males and females was almost equal at 0.01. However, at L2 and L3, the mean heart 
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rate change rates of the males were larger than those of the females. The reason for this is that, 
as reported by Sandstrom et al. [17], when recognizing space, males are characterized using the 
entire spatial image, whereas females are characterized using familiar objects in space as 
landmarks. Therefore, the males had difficulty grasping the whole spatial image because of less 
visibility under the smoke condition, whereas the females used checkpoints or something else 
as landmarks and were able to recognize space more easily than males, which may have resulted 
in less mental stress. In contrast, at L1 and L4, the heart rate change rates of females were larger. 
The reason for this is that the smoke became denser at L4, making it difficult for participants to 
recognize the space, even for females. As the males may have become slightly accustomed to 
the smoke-filled tent, the females may feel more mental stress than the males. Meanwhile, the 
heart rate change rate of females at L1 was larger because the error bar ranges of the 95% 
confidence intervals were larger for the males (1.08–1.36) and females (1.16–1.37), and the 
samples were smaller (5 and 5, respectively). 

The mean values of heart rate change rate of males and females were almost equal at L0, 
whereas the mean values of males were larger than the females at L2 and L3. But the mean 
value of females was larger than the males at L4. 

 
Figure 4: Mean heart rate change rate before and during the experiment 

 Heart rate and walking speed 
To investigate the relationship between mental stress (heart rate change rate) and walking speed 
under the smoke condition and the differences in this relationship based on gender, we classified 
heart rate change rate into three groups (Group 0: <1, Group 1: 1–1.2, Group 2: >1.2). To divide 
Groups 1 and 2 using a heart rate change rate of 1.2, Whitley et al [10] conducted a walking 
experiment on 12 female students and found that the heart rate after walking for 50 s at 3.31 
km/h (0.92 m/s) increased by ~1.19 times, compared with that before walking. Therefore, this 
study referred to the results of Whitley et al. [18] and classified mental stress into groups. We 
investigated the distribution and mean values of the walking speed of each group based on the 
gender and Cs level (Figure 5). The horizontal and vertical axes correspond to the Cs and mean 
walking speed, respectively. Groups 0, 1, and 2 are denoted by circles, rhombuses, and 
triangles, respectively. The filled plots correspond to the mean values. 

For the males (Figure 5(i)), the walking speed changed by 0.33–1.44 m/s at 0–2.35 m-1. For the 
females (Figure 5(ii)), the walking speed changed by 0.19–1.89 m/s at 0–2.24 m-1. The females 
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exhibited a larger difference between the maximum and minimum walking speeds than the 
males. Moreover, as all the participants whose walking speed exceeded 1.5 m/s were females, 
it was found that most females walked faster than the males owing to the difference in the 
spatial cognitive characteristics between males and females reported by Sandstrom et al. [17]. 

For the females, at L0, the mean walking speeds of Groups 0, 1, and 2 were 0.83, 0.96, and 1.33 
m/s, respectively. The mean walking speed increased as the heart rate change rate increased, 
and a similar tendency was observed under the smoke condition. There were no Group 0 
participants at L1 and L3. For the males, at L0, the mean walking speeds of Groups 0, 1, and 2 
were 0.80, 1.12, and 1.00 m/s, respectively. However, at L1, the mean walking speeds of Groups 
0, 1, and 2 were 1.01, 0.99, and 1.35 m/s, respectively. This tendency was similar to that 
observed for the females. At L2, the mean walking speeds of Groups 0, 1, and 2 were 1.05, 
0.83, and 0.75 m/s, respectively. At L3, the mean walking speeds of Groups 0, 1, and 2 were 
0.89, 0.85, and 0.57 m/s, respectively, which is in contrast with the females. The mean walking 
speed decreased as the heart rate change rate increased. At L4, the tendency was similar to that 
observed at L0.  

For the females, the mean walking speed increased as the heart rate change rate increased, 
regardless of the smoke and Cs levels. For the males, the mean walking speed decreased as the 
heart rate change rate increased at L2 and L3. It was speculated that the walking speeds of the 
males and females varied when they experienced mental stress caused by smoke. As reported 
by Su et al. [19], under mental stress, males tend to take risks, whereas females tend to avoid 
risks. Therefore, it is considered that the walking speeds of the females were different from 
those of the males because the females had a stronger desire to escape faster from smoke than 
the males under the mental stress load. 
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(ii) Female 

Figure 5: Walking speed at each group based on the Cs level 

4. CONCLUSIONS 

To investigate the relationship between mental stress (heart rate change rate) and walking speed 
in a smoke-filled tunnel (Cs = 0–2.35 m-1), an evacuation experiment was conducted in a 
smoke-experience tent, where 16 students aged 20–25 (8 males and 8 females) participated. 
The results of the present study are summarized as follows: 

 Regarding the heart rate change rate, compared with the females, the mean values with 
regard to the males were almost equal at 0 m-1 but larger at 0.50–1.50 m-1. However, at 
>1.50 m-1, the mean values of females were larger. 

 With regard to the relationship between the heart rate change rate and walking speed, for 
the females, the mean walking speed increased as the heart rate change rate increased under 
the no-smoke and smoke conditions. For the males, the tendency was similar to that of the 
females at 0–0.50 m-1, whereas the tendency was opposite for the females at 0.50–1.50 m-

1, where the mean walking speed decreased as the heart rate change rate increased. 
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ABSTRACT 
 In the recent past the Fire Dynamics Simulator (FDS) has become one of the primary tools for 
fire- and smoke propagation simulation in the context of tunnel fire safety. FDS has been 
extensively validated for compartment fires but validation for tunnels is scarce. After a 
quantitative validation against a full scale fire test is presented, the paper demonstrates how 
specific numerical options, in particular the size of the CFD mesh, influence the accuracy of 
the smoke propagation results. By doing so the investigated FDS modelling concepts are related 
to achievable prediction accuracies as well as the expected computation times. This enables 
informed decisions about the choice of model characteristics based on the necessary accuracy 
and available computational resources for future tunnel fire consequence analysis, typically 
used in tunnel risk models. 

Keywords: FDS, CFD validation, CFD accuracy, risk model, tunnel fire simulation. 

1. INTRODUCTION & OUTLINE

For more than two decades, tunnel risk models have been an important tool to increase road 
tunnel safety. With the implementation of EC Directive 2004/EC [1] tunnel risk assessment 
became a mandatory part of the safety design process for road tunnels on the European network. 
While the general methodology of tunnel risk assessment is well defined on an international 
level, for instance in [2], specifications for the detailed implementation are given at a national 
level through standards and guidelines. Therefore, detailed implementations can vary 
considerably from country to country [3],[ 4]. However, fire risk is one of the main aspects in 
each tunnel risk assessment methodology. Therefore, the capability to predict the consequences 
of a tunnel fire is of high importance for every quantitative tunnel risk model, being part of a 
tunnel risk assessment methodology. 

A core feature of every fire consequence model is the smoke propagation model. Such models 
in general are used to predict the movement of smoke and convective heat and allow to calculate 
toxic gas concentrations, temperature and visibility at any location for any time inside the 
tunnel. This further allows to estimate the effects of a tunnel fire on evacuating persons by 
combination with evacuation and/or survivability models. This procedure is generally called 
fire consequence modelling.  

In tunnel fire studies, the 3D CFD software Fire Dynamics Simulator (FDS) [5] has become 
one of the primary tools to model tunnel fire dynamics numerically. FDS is based on a low 
Mach number approximation of the Navier-Stokes equations, applying a LES formulation and 
particular suited for buoyant flows [6]. This formulation, in combination with the use of so 
called wall functions to treat boundary-layer effects without the need to resolve the boundary 
layer with great detail, allow for significantly larger cell volumes of the numerical mesh. This 
results in much shorter computation times compared to other 3D-CFD codes and in particular 
allow to use full 3D-CFD fire simulations in probabilistic, system-based tunnel risk models [7].  

DOI: 10.3217/978-3-85125-883-7-17
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However, even though much larger cell dimensions are possible compared to other 3D-CFD 
codes, the accuracy of course decreases with increasing volume of the numerical grid cells. In 
addition to mesh resolution, also other numerical modelling options - like the treatment of 
convective heat transfer, accounting for thermal radiation, the utilized pressure solver, etc. – 
influence the accuracy of the smoke propagation prediction. The remainder of this paper 
documents the methods used to investigate these dependencies and presents results in terms of 
a relation between modelling options, prediction accuracy and necessary computation time.  

In section 2 the general FDS model used in this study is described and validated by comparison 
against the well-known Memorial Tunnel fire test 501 [8]. In section 3 the influence of different 
mesh resolutions on convective propagation and temperature stratification – the key parameters 
with respect to smoke propagation – are analyzed qualitatively and quantitatively by application 
of a vector analysis metric. The influence on convective transport and temperature stratification 
are important to understand, but it is even more important to understand the influence on the 
accuracy of the risk model estimates. Therefore, the smoke propagation results obtained in the 
CFD parameter studies were further processed with a tunnel evacuation model based on the 
FED/FIC dosage-endpoint approach [9]. The results of this process are presented in section 4. 
A conclusion in the form of a reference table, relating modelling option, prediction accuracy 
and necessary computational effort is then given in section 5.  

2. FDS TUNNEL FIRE MODEL 

The present study is based on the parameters of a 20 MW full-scale fire test under natural 
ventilation, documented during the Memorial Tunnel Fire Ventilation Test Program [8]. The 
basic geometric properties of the Memorial Tunnel for the selected fire test (Test number 501) 
are given in Table 1. The most important numerical parameters for the FDS model are stated in 
Table 2. A detailed explanation of the numerical parameters can be found in [5] and [6]. The 
variation of these parameters as a part of the study is presented in the later sections. The values 
stated in Table 2 represent the standard model options. 

To model the tunnel fire, time-dependent surface boundary conditions for convective heat flux 
and mass flux for CO, CO2, HCN and soot have been applied to a 3m x 3m area 1.0 m above 
the tunnel floor. As an educated guess, 75% have been assumed for the share of convective heat 
on the overall heat release rate (HRR) of the gasoline fire. The radiative share of the HRR has 
been neglected. To resemble the natural ventilation during the fire test, velocity boundary 
conditions, based on the measured bulk airflow velocity at the measurement point closest to the 
southern portal has been used at the (initial) domain inlet (853 m). Open boundary conditions 
have been used at the (initial) domain outlet (0m). The heat release rate (HRR) time curve and 
the inlet bulk airflow used as velocity boundary condition are depicted in Figure 1. As can be 
seen in the figure, the longitudinal flow is reversed approximately 140s after the fire start, which 
is taken into account in the velocity boundary conditions.  

Table 1: Tunnel parameters 

Parameter Value 
Tunnel Length 853 m 
Cross-Section Type Horseshoe 
Cross-Section Area 60.3 m² 
Tunnel Height / Tunnel Width 7.5 m / 9.0 m 
Cross-passages None (in simulation) 
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Table 2: Numerical parameters of the standard model 

Parameter Value 

Fire Model 
Time-dependent surface boundary condition for convective 
heat flux and smoke mass flux (CO, CO2, HCN, soot) at fire 
location 

Ventilation Model Velocity boundary condition at domain inlet, open boundary 
condition at domain outlet 

Cell Dimensions 0.5 m x 0.5 m x 0.5 m 
Convective Heat Transfer Default  
Radiative Heat Transfer Default  
Subgrid Closure DEARDORFF  
Simulation Method VLES 
Pressure Solver FFT 

 

 
Figure 1: Velocity- & HRR time series used as boundary conditions in the CFD model 

Figure 2 shows the temperature profile 170 seconds after fire start for the simulation and 120 
seconds after fire start for the measurement data. The 50 seconds delay between experimental 
and numerical data has been added because of an observed irregularity on the measurement 
time-stamp. The temperatures at the majority of measurement locations start to rise 
unreasonably early after the nominal fire ignition. For instance, at a measurement position 31 m 
downstream of the fire, a strong increase of cross-sectional average temperature, indicating the 
arrival of the hot smoke layer, is documented three seconds after nominal fire start, which is, 
for a bulk airflow velocity of approximately 1.3 m/s physically not realistic. The temperature 
developments, however, at all measuring points, seem to be plausible in general. They in 
particular match well with the numerical results, despite the mentioned overall time gap. To 
estimate this time gap, the point in time, when the hot tunnel air from the fire source should 
theoretically arrive at the respective locations, was calculated based on the measured bulk flow 
velocity, assuming that propagation in the first phase is mainly driven by longitudinal airflow, 
not by buoyancy forces between hot and cold layer. By doing so, a time-stamp deviation 
between 40 seconds and 55 seconds was estimated for the experimental time stamp. This 
estimated time-delay was taken into account in the further validation process, by comparing 
results of the numerical computation with experimental results with a 50 s later time-stamp. 
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This on the one hand leads to a plausible downstream propagation speed of the hot smoke layer 
and to a good agreement between experimental measurement and numerical results.  

Figure 2 shows the comparison of temperature contours for 37.8 °C (100°F) and 93.3 °C 
(200°F) in the longitudinal-vertical plane, 120s (170s time stamp for experimental data) after 
fire start. The contours show some deviation, in particular for the higher temperature contour. 
But with deviations between 0% (∆𝑥ଵ) and 34 % (∆𝑥ଷ), the results are interpreted to be in 
reasonable agreement, if the underlying uncertainties are taken into account. These 
uncertainties are on the one hand related to the measurements themselves, in particular with 
respect to the uncertainty of the heat release rate and the low time resolution of the 
measurements (30s measurement intervals), and on the other hand to missing model input data, 
e.g. rock temperature, portal pressure difference and wind pressure. 

In addition to temperature contours also the time development of the cross-sectional average 
temperature has been compared along the tunnel. As an example, the comparisons at two 
longitudinal positions are shown in Figure 3. The general time-development is very well 
resembled by the simulations. The quasi steady temperature after the fire was fully developed 
deviate by approximately 10 - 20 °C (20% - 40%). The average temperatures suggest that back-
layering is over pronounced in numerical simulations, as temperatures upstream the fire are 
above the measured values and temperatures downstream of the fire are below the measured 
temperatures. However, if the general uncertainties are again taken into account, the results can 
be understood as in good agreement. 

 
Figure 2: Comparison of temerature contourse – experimental measurement (bottom) vs. FDS simulation (middle) and full 
FDS temperature profile (top) ,170 s after fire start (120s according to experimental data).  

 
Figure 3: Comparison of cross-sectional average temperature development 62 m left (left) and 66 m right (right) of fire.  
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3. DEPENDENCE OF SMOKE PROPAGATION ON CFD MESH RESOLUTION 

The propagation and distribution of hot smoke is closely related to temperature stratification 
and the distribution of hot gases. It is therefore convenient to analyse temperatures instead of 
smoke concentrations. In particular because smoke-/gas concentrations also depend on fire gas 
emissions, which are harder to measure than heat release rates. Therefore, the time-series of 
three parameters, describing convective propagation and layer formation are compared for 
different mesh resolutions in the following.  

Figure 4 shows the time series of calculated cross-sectional average gas temperature, layer 
height and layer temperature difference, at one exemplary longitudinal position for different 
numerical mesh options, compared to the standard model according to Table 2. The curves 
clearly separate into two groups, differing in the chosen mesh resolution in z direction. Only 
small differences for meshes with 0.25 m resolution in z direction are observable. The variants 
with coarser resolution, including the standard model, deviate with respect to average 
temperature and layer height from the fine mesh results. Also a refined mesh around the fire 
site – 0.25 m x 0.25m x 0.25 m +/- 15 m around fire location, 0.5 m x 0. 5m x 0.5 m elsewhere 
– does not further increase the model accuracy in relation to the standard model, which is 
already in good agreement with the experimental result, see section 2. 

 
Figure 4: Comparison of average gas temperature, layer height and layer temperature difference 100 m before the fire 
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For the quantitative comparison, a vector algebra metric, suitable to measure the deviation of 
two time-series [10] is utilized. This metric assumes the two compared time series as two 
vectors in an Euclidean space. The relative difference used to quantify the deviation between 
the two time series – a and b – is then defined as the length of the difference vector – a-b – 
relative to the length of the base vector:  

𝑟௣௢௦  ≡  
‖𝑎 െ 𝑏‖

‖𝑎‖
ൌ  ඨ

∑ ሺ𝑎௜ െ 𝑏௜ሻଶ௡
௜ୀଵ

∑ 𝑎௜
ଶ௡

௜ୀଵ
, 𝑟̅ ൌ

∑ 𝑟௣௢௦௣௢௦

∑௣௢௦
 

Equation 1: Relative difference between two measured time seires according to [Reference Peacock et al.] and averaged 
relative difference 

A similar approach is also used in [11]. The standard model according to Table 2 has been 
shown to be in good agreement with the experimental measurement. Therefore, it is used as a 
reference in the quantitative comparison. Table 3 summarizes the averaged relative difference 
 ሺ𝑟̅) of average temperature, layer height and layer temperature difference, according to 
Equation 1, for the different meshing options, in relation to the standard model.. The difference 
is evaluated based on the time series at seven longitudinal positions along the tunnel – 214 m, 
414 m, 514 m 594 m, 638 m, 718 m and 818 m. The values given in Table 3 represent the 
respective relative difference, averaged over all seven longitudinal positions.  

Table 3: Relative difference for the investigated modelling options with respect to the standard model, averaged over seven 
longitudinal positions along the tunnel 

Modelling Variant Average 
Temperature Layer Height 

Layer 
Temperature 
Difference 

Standard model  -  - - 
1.0 m x 0.5 m x 0.5 m 6 % 7 % 12 % 
Fine mesh fire site 14 % 16 % 24 % 
0.5 m x 0.5 m x 0.25 m 8 % 10 % 13 % 
0.5 m x 0.25 m x 0.25 m  11 % 12 % 14 % 
0.25 m x 0.25 m x 0.25 m 14 %  13 % 17 % 

The quantitative comparison shows deviations of roughly 6 % to 24 %. Surprisingly, the mesh 
with increased resolution around the fire site shows the largest differences in relation to the 
standard model. Intuitively, one would expect it to be closer to the standard model than the 
0.25 m x 0.25 m x 0.25 m, but instead it shows the largest difference. One reason could be that 
the solvers applied in FDS prefer homogenous meshes over meshes with changing resolutions. 
Despite the refined mesh around the fire location, the resulting deviations of the remaining 
(homogenous) meshes are between 6 % and 17 %. These deviations can in principle be 
significant, in particular because the mesh independence for the finest resolution has not been 
further investigated, which means that the deviations from the standard model could still 
increase in case of even finer meshes. However, the comparison with experimental 
measurements in section 2 showed a good agreement for the standard model. Therefore, 
deviations are expected to be overall limited, also for even finer mesh resolutions. Also, 
deviations in terms of temperature/smoke propagation and layer formation are important to 
know, but in order to understand how these deviations influence tunnel risk analysis results, 
consequences based on the respective fire simulation results need to be assessed. This is 
presented in the following section.  
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4. DEPENDENCE OF FIRE CONSEQUENCE MODELS ON MESH RESOLUTION 

In general, a variety of different metrics to quantify the consequence of a tunnel fire exist, trying 
to model the impact of fire hazards on persons inside a tunnel.  

One rather simple method is to use a visibility threshold. As long as the visibility is above a 
certain value (e.g. 5 m), evacuation is possible and persons continue to egress. When the 
visibility drops below the threshold value, evacuation is assumed to have failed. More 
sophisticated methods for consequence analysis aim to model the physiological impact of fire 
hazards on the human body, taking the effect of reduced visibility, toxin- and temperature 
dosage intake as well as respiratory and visual irritancy into account. An example for such a 
consequence model, based on the approach of [9], is utilized in the Austrian Tunnel Risk Model 
[12].  

A common process to visualize the severity of a fire scenario with respect to such fatality 
thresholds is to evaluate the time until the respective threshold value is met at any position 
inside a tunnel. This is presented in Figure 5, where the time until the respective fatality criteria 
are met at any longitudinal location along the tunnel are compared for the different mesh 
options. For this purpose, gas concentrations, visibility and temperature at 1.6 m height have 
been extracted from the CFD results discussed in section 3.  

Apparently, the time until incapacitation happens strongly depends on the chosen fatality 
criterion, much more than on the investigated mesh resolutions. While evacuation is possible 
for more than 600 seconds according to the FED/FIC criterion (except at locations very close 
to the fire source), safe egress times of only 200 to 400 seconds result from the visibility-
threshold approach. However, the sensitivity to mesh resolution seems to be similar for both 
threshold values: Similar to the findings before, the results depend on the mesh resolution in z 
direction. Incapacitation times for a given fatality criterion are almost identical for all CFD 
meshes with a resolution of 0.25 m in z direction but strongly deviate from the results with 
coarser resolutions in z direction, in particular for longitudinal positions between 400 m and 
600 m (0 m – 200 m left of the fire). 

 

 
Figure 5: Time to reach fatality threashold values as a function of longitudinal position along the tunnel for visibility criterion 

(left) and FED/FIC criterion (right). 
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 Resulting Consequence Numbers 
In order to quantify the sensitivity of risk analysis results on the CFD model options, the number 
of expected fatalities in case of a tunnel fire (consequence number) has been calculated based 
on a simple agent-based egress model, relaying on the FED/FIC fatality threshold. The egress 
model is used to resemble the evacuation of tunnel users for a hypothetical congested traffic 
scenario. Therefore, agents start to egress at every tunnel meter 150 s after fire ignition. A 
walking speed of 1 m/s has been chosen for the agents which is modified based on local 
visibility and level of agent intoxication [12]. In addition it was assumed that a share of 3% of 
all tunnel users remain at their initial location for the whole simulation time of 15 minutes ( 
representing people with reduced mobility, injured, wrong behaviour, etc.).  

In addition to the mesh resolution also the influence of other CFD (FDS) parameter selections 
has been investigated:  

Convective Heat Transfer Option: Typically, large gradients with respect to normal velocity 
and temperature (in case of hot flows) arise at the boundary layer of a viscous flow. This can 
be treated either by a fine resolution of the boundary layer or by so called wall models. A 
logarithmic wall model for near wall temperature has been used in addition to the standard near-
wall model for normal velocity. This is supposed to increase the accuracy of the convective 
heat flux from hot tunnel air to colder tunnel surface without the need of small near-wall cell 
size .(HEAT_TRANSFER_MODEL = ‘LOGLAW’) 
Also an additional time step constraint, limiting the size of the time step between two solver 
iterations, has been used which acknowledges the convective heat flux from tunnel air to the 
tunnel surface. (CHECK_HT=.TRUE.) 

Radiative Heat Transfer: As described in section 2, only the convictive share of the fire HRR 
has been taken into account in the investigations. This is true for all investigated variants. 
However, also without a direct radiative heat source, the convective heating of the tunnel air 
leads to a temperature increase and therefore induces radiative heat flux from the tunnel air to 
the tunnel surface. In this variant, this radiative heat flux (or any radiative heat flux from a hot 
surface) is neglected (RADIATION = .FALSE.). 

Subgrid Closure: In LES only a certain part of the turbulent dynamics is directly modelled on 
the numerical grid. The remaining share of the turbulent dynamic, in particular the final cascade 
to thermal energy, is treated by a so called subgrid model. As an alternative to the standard 
“Deardorff” subgrid model for the subgrid kinetic energy and the WALE near-wall subgrid 
model, the “Constant Smagorinsky” subgrid model and the “Van Driest” near-wall subgrid 
model have been used. (CONSTANT SMAGORINSKY + VAN DRIEST) 

Pressure Solver: In the low Mach number approximation, applied in FDS, a fast non-iterative 
algorithm that utilizes Fast Fourier Transforms (FFT) is used to solve the pressure equation. In 
default mode the FFT is applied to each individual numerical mesh separately and the pressure 
solutions of the individual meshes are then matched together. As an alternative, the global 
Poisson equation can also be solved over the entire domain. (SOLVER=’GLMAT’) 

Figure 6 shows the resulting consequence numbers for different numerical mesh options (left) 
and CFD parameter selections (right). The deviations in relation to the standard model are given 
as percentage values. The differences in terms of fire consequences are between – 8 % and + 6 
%. These deviations are significantly smaller than the deviations in terms of temperature/smoke 
propagation and layer formation, discussed in section 3. However, whether such deviations are 
significant for a given risk model application, depends on the actual use case. Very often, only 
rough estimates are known for the necessary input parameters and the overall accuracy of the 
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model results is generally limited. In such a situation the deviations shown in Figure 6 might 
be very small in comparison, and therefore be negligible overall. In other applications high 
accuracy CFD results can be of utmost importance, in particular when design options related to 
the flow profile (e.g. jet fan installation positions, etc.) are investigated. Generally speaking, a 
deviation in fire consequence numbers of roughly 5 % can be assessed as minor, in particular 
in combination with the computational effort associated with the higher accuracy variants. 

 
Figure 6: Comparison of fatality numbers resulting from the quantiative conseqeunce analysis of a congested traffic scenario 

based on the CFD results with respect to different numerical mesh options and CFD parameter selections 

 

5. SUMMARY AND CONCLUSION 

Comparison of FDS results and experimental measurement showed a good agreement for the 
FDS standard model with parameters according to Table 2. Based on this qualitative validation, 
a parameter study was carried out to investigate the effect of different CFD mesh resolutions 
and parameter selections on temperature/smoke propagation and layer formation, as well as fire 
consequence numbers (fatalities). The main result of the paper is presented in Table 4. The 
deviation of the investigated mesh resolutions from the standard model variant, in terms of 
temperature propagation and layer formation, is between 6% and 24%. This deviation 
significantly reduces to a deviation between -8% and 6% in terms of fire consequences to tunnel 
users (fatalities). The same observation can also be made for the other CFD model parameter 
variations where deviations between 4% and 35%, in terms of  temperature and stratification, 
reduce to deviations of -3% to +6% in terms of fire consequences. The reasons for this reduced 
dependency of consequence numbers on mesh resolution and CFD model options are assumed 
to be manifold and the effect may also vary for different fire scenarios and tunnel setups. 
However, one important property of the FED/FIC fatality threshold approach is the 
accumulative nature. In contrast to the pure threshold-value (concentration, visibility) based 
approaches, which only depend on momentary values, localized variations over limited periods 
of time are naturally smoothed out by the FED/FIC approach. This should not be misunderstood 
as a model peculiarity but as the way the human body is believed to react on fire hazards based 
on fundamental research [9]. 
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While the influence of the investigated mesh resolutions and CFD parameter settings on 
consequence numbers seem to be minor, the effect on the necessary computation time is 
tremendous. As an example, if we compare the finest mesh resolution – 
0.25 m x 0.25 m x 0.25 m – with the standard model, an accuracy increase in fire consequence 
numbers of 3 % requires an increase of computational cost from 112 CPU hours to 1697 CPU 
hours. A reference system with 64 physical cores and a base frequency of 2.2 GHz has been 
used. The computation time represents the sum of the CPU times of all involved cores (60 - 30 
nodes, depending on the variant).  

It can therefore be concluded that the numerical costs for mesh resolutions finer than 0.5 m in 
any direction outweigh the benefit in terms of consequence number prediction accuracy. This 
is in particular important for probabilistic system-based risk assessment approaches, where a 
large number of fire scenarios has to be treated and an increase in numerical cost scales up with 
the number of scenarios. However, if numerical resources are available, an increase in mesh 
resolution in the vertical direction is recommended. 

Table 4: Comparision of model accuracy and necessary computation times for investigated FDS model options 

Variant Temperature & 
Stratification 

Consequences Computation 
Time 

Standard model  base value 67.9 fatalities  112 CPU hours  

1.0 m x 0.5 m x 0.5 m   6 % - 12 % 4 %     - 85 % 
Fine mesh fire site 14 % - 24 % 8 %  + 179 % 
0.5 m x 0.5 m x 0.25 m   8 % - 13 % 4 %    + 87 % 
0.5 m x 0.25 m x 0.25 m 11 % - 14 % 2 %  + 655 % 
0.25 m x 0.25 m x 0.25 m 14 % - 17 % 3 %  + 631 % 
    
Convective Heat Model 14 % - 28 % 4 % + 1596 % 
GLMAT   4 %  -  8 % 3 %   + 203 % 
Subgrid closure   8 % - 15 % 3 %     + 16 % 
No Radiation 10 % - 35 % 6 %      - 34 % 
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ABSTRACT 
The currently used methodology of safety assessment of road tunnels in accordance with BASt booklet 
B66 “Sicherheitsbewertung von Straßentunneln” [1] dates from 2009, extensive knowledge has been 
gained when implementing and applying the developed method in risk analysis studies. Numerous 
research projects have provided new findings on parameters previously not considered. As some 
methodological elements and basic assumptions no longer correspond to the state of the art, it became 
necessary to re-analyze the methodology and to develop appropriate adjustments. The updated holistic 
approach is based on the current evaluation of incidents in German road tunnels as well as the state of 
the art regarding the assessment of road users’ risks in tunnels. The upgrade suggested as output of the 
BASt research project FE15.0663/2019/ERB1 funded by the German Federal Ministry of Digital and 
Transport deals with risk evaluation, frequency analysis as well as the consequences of collisions and 
fires in tunnels. The implementation of the proposed adjustments allows analyzing tunnel risks more 
realistically and improves the evaluation of a large number of safety measures. The present paper 
summarizes the main adaptations developed and their influence on the risk assessment of road tunnels. 

Keywords: Tunnel risks, risk analysis methodology, frequency analysis, risk assessment, evaluation of 
safety measures, Computational Fluid Dynamics (CFD), evacuation simulation 

1. INTRODUCTION

With the introduction of the RABT 2006 [2] and the publication of the EABT-80/100 [3] in 2019, the 
requirements of the EC-Directive 2004/54/EC [4] on the use of risk analyses for the assessment of safety 
of road tunnels were transferred to German regulations. So, risk analyses are required if a road tunnel 
either has special characteristics or deviates from the specifications laid down in the regulations as 
regards its geometric design or safety-related equipment. Risk analyses also become necessary to verify 
if longitudinal ventilation for bi-directional tunnels and tunnels with daily congestion is admissible. 

The required depth of risk analyses (qualitative/quantitative) as well as the verification of whether there 
is a special characteristic and/or a significant deviation from guideline specifications is determined 
according to the procedure described in Leitfaden für Sicherheitsbewertungen von Straßentunneln [5] 
gemäß RABT 2006 [2]. The methodology how to carry through quantitative risk analyses is described 
in the BASt booklet B66 Sicherheitsbewertung von Straßentunneln [1]. 

Since its publication in 2009, extensive knowledge has now been gained in the implementation of the 
procedure and its practical application in risk analysis studies. In addition, numerous research projects 
on special issues were carried out and significant new findings were made on parameters that were 
previously not taken into account. Among other things, the underlying accident statistics (event 
database) has been updated in the meantime and provides additional information on the frequencies of 
collisions and fires in road tunnels. 

Therefore, both the methodological approach and the basic parameters and assumptions of the method 
no longer reflect the current state of the art. For the reasons mentioned above, it is necessary to re-

1 FE15.0663/2019/ERB „Überprüfung der Annahmen und Parameter für Risikoanalysen für Straßentunnel 
(review of the assumptions and parameters for risk analyzes for road tunnels) im Auftrag des 
Bundesministeriums für Digitales und Verkehr (BMDV) vertreten durch die Bundesanstalt für Straßenwesen 
(BASt), 2020-2022. 
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analyze the currently applicable methodology for the safety assessment of road tunnels and to suggest 
appropriate adjustments. 

For this purpose, in a first step, new statistical bases were collected, accident rates were updated and 
influencing factors were determined. In addition, previously used input parameters and assumptions of 
the methodology, which affect the tunnel safety level as a whole as well as individual equipment 
features, were further completed, their influence on the risk checked and adjusted. 

In addition, the methodology was expanded to include parameters that were previously not taken into 
account. This comprises, for example, the influence of speed on the accident rate and severity, fire 
development rates differentiated according to faster or delayed progression, a more detailed 
consideration of reaction times and human behavior during evacuation processes, the positive effects of 
third-party rescue, etc. From the investigation of the parameters mentioned with regard to their influence 
on risk, statements were derived regarding the need to take these parameters into account in risk-oriented 
studies in the future. 

Another aim of the project was to standardize the procedures in order to be able to compare better the 
results of specific risk-oriented investigations on the features of safety-relevant equipment in road 
tunnels. 

When working on the project, it was essential to obtain a broad, as comprehensive as possible view of 
the experience in the implementation and application of the procedure. To ensure this, a wide range of 
participants from practice and science were addressed in a workshop at the beginning of the project. 

2. PRACTICAL EXPERIENCE 

The analysis of the existing methodology shows that basically the methodology is still suitable for 
assessing the safety of road tunnels and, thanks to its modular structure, it is open to expansion. The fact 
that it does not focus on the use of special models guarantees a high degree of future viability. 

In the last ten years, numerous different sets of rules have been developed or adapted in order to 
implement the requirements of the European directive. For the present research project, primarily the 
regulatory requirements of those countries were analyzed in-depth, in which the topic of tunnel safety 
is particularly important. The findings can be summarized as follows: 

Degree of standardization: The current regulatory requirements or the established procedures for risk 
assessment in accordance with the requirements of EC Directive 2004/54/EC are (as expected) very 
different. Nonetheless, there are a number of methods comparable in terms of their basic principles. In 
comparison to the methods of other countries which have been evaluated in depth, it turned out that the 
method according to BASt booklet B66 [1] allows a greater degree of freedom in implementation. Other 
procedures have more detailed specifications for individual elements or their model consideration. Here, 
the evaluations show a general area of tension as to which extent which specifications should be made 
for risk-based evaluations or which extent of freedom is allowed in the implementation. In the first case, 
the comparability between different practical applications and the traceability are enhanced, in the 
second case there are more possibilities to map specific tunnel properties that can be mapped less or not 
at all in highly formalized procedures. 

Risk analysis / model parameters: In comparison to the method according to BASt booklet B66 [1], 
some of the other established methods, e.g. the models in Switzerland [6] and in the Netherlands [7], 
take into account more / additional tunnel properties (design characteristics and measures) than the direct 
influencing variables and parameter values. This includes, for example, an increased number of lanes or 
curve radii. There are also, in some cases, more pronounced specifications and notes on the parameter 
values to be used. Furthermore, more specific instructions and specifications for modeling event 
sequences and models are taken into account (e.g. behavior of tunnel users). 

There are several investigations and studies on many influencing factors that can be used for 
implementation in the further development of the process in accordance with BASt booklet B66 [1]. 
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Risk evaluation: There is also considerable heterogeneity with regard to the criteria for risk assessment. 
While some procedures are based on comparative procedures with a reference tunnel (as often is the 
case in Germany today), others use absolute limit criteria relating to the level of safety or considerations 
of proportionality for any additional measures. There are also procedures that use not only collective 
risks but also individual risks for tunnel users as an evaluation measure. 

Complexity and effort: The majority of the procedures established today tend to be complex. For 
practical application, in-depth specialist knowledge in the field of road tunnels and risk-based 
procedures is required. Today, there are software programs associated with several established processes 
that support implementation and thus reduce effort. However, even in these cases, the users have to be 
well familiar with the methodological basics and have to bring in system knowledge of tunnels in order 
to model the respective tunnel properties and possible event sequences realistically. 

3. SUGGESTED UPGRADE FOR THE RISK ASSESSMENT METHODOLOGY 

The suggested adaptations for the assessment methodology are divided into the following issues: 

1. Risk evaluation 

2. Frequency analysis 

3. Analysis of the consequences of tunnel collisions 

4. Analysis of the consequences of tunnel fires 

When determining the adjustments, special attention was paid at the procedural level to the following 
general properties in the application of the methodology: 

• Flexibility in use 

• Minimum required level of complexity and effort 

• Transparency, traceability and comparability of the (interim) results 

• Process-related comparability of risk-reducing measures 

In addition, the effects of the proposed adaptations were examined intensively. The previous safety level 
of a tunnel according to the specifications in booklet B66 [1] was compared with the calculations for a 
model tunnel, taking into account the new model parameters and evaluation approaches. The focus was 
on the comparative approach to assess differences in risk. The extensive results are presented in detail 
in the final report. 

 
According to the procedure described in booklet B66 [1], it is proposed that the (collective) risks 
determined in the course of the risk assessment are shown in the form of cumulative curves in a FN-
diagram, using an absolute evaluation criterion to assess the acceptability. At the time of the 
development of the B66 procedure, however, it was foreseeable that it would not yet be possible to 
establish an absolute acceptability criterion. For this reason, it was recommended that the risk 
assessment be carried out based on a relative comparison between the planned case and the 
corresponding value for the theoretical case of a guideline-compliant design. As experience has shown, 
this comparative assessment of the risks largely has become established in practice. However, practice 
has also revealed that there is a need to sharpen the definitions with regard to the reference tunnel. 

Basically, the reference tunnel is a theoretical tunnel similar to the real tunnel to be examined, but fully 
meets all requirements and conditions of the guidelines and regulations to be applied in the specific case. 
A relative assessment approach is made, in which compliance with the required safety level is 
determined by a relative comparison with this reference tunnel. Using a relative assessment approach, 
the influence of uncertainties on the assessment result can be minimized. 



- 158 - 
 

In the present research project, specifications for the reference tunnel were defined for all safety 
parameters relevant according to RABT [2]/ EABT [3] and compared with the tunnel to be examined. 
The focus was on setting parameters for the majority of tunnels in Germany. For tunnels that represent 
special cases, it is recommended that the reference tunnel be determined individually in consultation 
with the relevant decision-makers, depending on the objective of the investigation. 

 
The suggested adaptation as regards the frequency analysis contains the findings from the evaluations 
of the nationwide event database, the definition of influencing factors for the accident rate as well as a 
proposal for updating the structure of the event tree. 

The frequency of vehicle accidents and fires can be derived from long-term event statistics. In contrast 
to analytical methods, here statistical methods are clearly in the focus. Analysis is based on the 
nationwide event database consisting of the basic data for each tunnel and the event report for each 
reportable event. The database includes 168 tunnels and approx. 49,000 events (years 2006 to 2020). 

After extensive data processing, numerous parameters could be derived directly from the database. The 
primary focus was on checking the current event rates and, if necessary, their updating based on new 
statistical data. 

The analysis in the research project has revealed that the values from the BASt booklet B66 [1] for the 
(base) accident rate, the distribution of different accident types and the fire rate have to be updated. In 
addition to the new, updated values, the report includes a comparison with the values from BASt booklet 
B66 [1] and a comparison with event rates from other countries. 

However, accidents in road tunnels are influenced by numerous geometric and traffic-related factors. 
Therefore, it is necessary to include these influencing factors when determining the frequency of 
accidents. For this purpose, corresponding correction factors for unidirectional and bidirectional road 
tunnels were determined, by which the respective base accident rate is multiplied. 

Accident rates derived from the event database as well as expert estimates and comparison with 
approaches from other risk models form the basis for this factor model. Correction factors could be 
determined for the following influences: 

• Existence of entrances / exits (fZA) 

• Tunnel length (fL) 

• Number of traffic lanes (fFS) 

• Traffic lane width (fFSB) 

• Existence of break down lane (fSS) 

• Traffic volume per lane (fDTV / FS) 

• Permissible speed (fV) 

• Differential speed (fV)  

To determine the frequency, all possible intermediate states between the initial events up to the final 
system states are determined and quantified with regard to their expected frequency. The intermediate 
states are examined for system responses in the same way as those of the triggering event. In this way, 
until a final state is reached, different branches of the event sequence are created, which are provided 
with different branch probabilities. 

The following branches are considered within the event sequence for mapping fire incidents: 

• Event location (e.g. entrance area / inner tunnel section / center of the tunnel ...) 

• Traffic volume (day / night / ...) 
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• Traffic status (free-flow traffic / congested traffic) 

• Fire load (5/30/100 MW) 

• Fire development (fast / delayed) 

• Detection successful (yes / no) 

• Tunnel user alert successful (yes / no) 

• Tunnel closure systems activated (yes / no) 

• Ventilation system activated (yes / no) 

• Other security systems available and activated (yes / no) 

• Increased extent of damage (yes / no) 

• Start of third-party rescue measures 

The report specifies standard values for the relative frequencies of the individual branches and explains 
specific differences to BASt booklet B66 [1]. 

 
In addition to the accident rate, the speeds driven in the tunnel also have an impact on the resulting 
extent of damage in the event of collision. Since no meaningful relationships could be derived from the 
event database, the influence was justified with the help of the Nilsson Power Model [8]. It is based on 
the direct relationship between the change in mean speed and the resulting change in the severity of the 
accident. 

The different influence of the speed on these two sub-areas and equally on the frequency of accidents 
with different degrees of severity is represented by the numerical value of the exponent. Therefore, it is 
recommended to model the extent of damage for collisions with the exponent 1, also due to the good 
agreement with the statistically proven dependencies.  

 
In the event of a fire inside a road tunnel, smoke particles, heat and toxic gases can endanger road users. 
High concentrations of smoke particles lead to restricted visibility and to irritation of the respiratory 
tract and eyes, and thus hinder users in their orientation and movement. In order to be able to take these 
effects into account when determining the extent of the damage, a simulation model is required that 
enables the time and space-discrete calculation of the heat, smoke and toxic substances depending on 
the development of the fire and fluid-mechanical boundary conditions. 

For the computer programs (CFD models) suitable for this purpose, essential parameters and boundary 
conditions were specified in the suggested adaptations in order to determine the impact models for 
estimating the consequences of fire. Approaches for simulating the effects of smoke, the effects of toxic 
gases and the effects of heat were defined. 

An essential part of the revision of the damage scale model concerns the discussion and, if necessary, 
the definition of a detailed timeline on which the model is based. The focus was primarily on the 
definition of fire curves and the associated energy and pollutant release rates. A major innovation is the 
implementation of a fast and a delayed fire curve. They allow evaluating additional measures that have 
a significant influence on the individual time steps. These measures include, for example, the different 
behavior of detection devices, the reaction of operators, the activation of safety devices, and the degree 
of compliance with activated tunnel closure systems and the reaction of tunnel users. 

One of the major innovations in the revised and upgraded methodology is the implementation of an 
accumulation-based escape mode. It aims at mapping the effects of a tunnel fire on people trying to 
escape as realistically as possible. The current risk model provides for the evaluation of successful or 
unsuccessful escape solely based on visibility. By implementing intoxication models (based on a 
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"fractional effective dose" (FED) or a "fractional effective concentration" (FIC)) it is possible to model 
variable escape speeds as a result of restricted visibility or highly irritant gas concentrations. Another 
focus when revising the consequence model was the definition of model approaches and the 
requirements for models to analyze self-rescue processes. Possibilities were created to evaluate different 
escape velocities, the perception of security facilities or hazards in the tunnel, inadequate behavior 
during the self-rescue and the influence of people with restricted mobility. Approaches for evaluating 
third-party rescue activities, both concerning firefighting and rescue of people, were implemented, too. 

4. SUMMARY AND CONCLUSION 

Within the framework of the research project FE 15.0663/2019/ERB (Review of the assumptions and 
parameters for risk analyses for road tunnels), various recommendations for the further development 
have been made. They are based on the experience gained from practical application of the methodology 
described in BASt booklet B66 [1] and on the results of general developments in the field of risk analyses 
for road tunnels. The analysis of the presently used assessment method has shown that basically it is still 
suitable for safety assessment of road tunnels and that due to its modular structure it is open to 
expansions. Since the method does not focus on the use of special models, it features great sustainability. 
The method was expanded to include a factor model that allows further consideration of traffic-related 
and structural influences on accident rates. Furthermore, in order to represent more realistic fire 
processes, fire developments with both rapid and delayed progression were integrated into the 
procedure. In addition, an accumulation-based escape model was implemented to determine the impacts 
of fire on tunnel users. As a result, the extent of damage is now determined based on a "fractional 
effective dose" (FED) or a "fractional effective concentration" (FIC). Moreover, fire-fighting measures 
are now part of the procedure. By the implementation of the suggested adjustments, it is now possible 
to analyze the risks in tunnels more realistically and to better evaluate a large number of safety measures. 
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ABSTRACT 
The composition of road traffic is nowadays clearly dominated by petrol and diesel powered 
vehicles. However, one of the major goals against further climate change is the decarbonisation 
of road traffic by the use of vehicles with alternative energy carrier technologies. The currently 
most promising ones are the Li-Ion battery-powered vehicles, fuel-cell-powered vehicles and 
vehicles powered with internal combustion engines using hydrogen or liquefied natural gas. 
Although the latter do currently represent only a small share of the total traffic, it can be 
assumed that alternative powered vehicles will soon take on greater significance. Therefore, a 
deeper understanding of possible additional risks, especially in considering incidents in tunnel 
structures, is of greatest interest and is currently investigated in various research projects, such 
as [1], [2], [3]. In these projects, the focus lies only on one of the alternative energy carriers 
mentioned above. However, in order to obtain a thorough overview of relevant possible 
additional dangers as well as related consequences on the safety of tunnel users, the aim of the 
BASt-project FE 15.0675/2020/ERB [4] as well as of the present paper is to consider all 
relevant alternative powered vehicle types in order to identify possible need for adaption of the 
risk-analytical assessment method for road tunnels. To this aim, dangerous zones according to, 
for example battery fires, jet fires or vapor cloud explosions have been assessed by using 
numerical as well as analytical models. In the course of a detailed evacuation model, 
considering a large variety of agents with different velocities and respiratory volumes, the 
corresponding consequences of alternative energy carriers on tunnel users can be assessed. This 
paper will demonstrate and discuss in detail the foundation of the research project with focus 
on the evacuation simulation, as well as the resulting consequences analysis on tunnel users.  

Keywords: Alternative energy carrier technologies, tunnel risk assessment, evacuation and 
consequence model, road tunnel, research project. 

1. INTRODUCTION

Road traffic is currently clearly dominated by petrol and diesel-powered vehicles. The annually 
growing number of vehicles and increasing mileage result in a steadily increasing energy 
requirement. Therefore, the transport sector makes a significant contribution to greenhouse gas 
emissions. The decarbonization of road traffic through the establishment of climate-friendly 
alternatives as a substitute for petroleum-based fuels is therefore a basic requirement for 
achieving climate protection goals. The use of vehicles with new alternative energy carrier 
technologies, above all electric batteries, but also hydrogen and LNG (liquefied natural gas) are 
supposed to increase rapidly in the future. Moreover, as a result of the increasing urbanization 
the traffic is shifted to the underground. 
Existing recommendations and regulations for tunnel safety, as well as methods for risk 
assessment however, have so far been limited exclusively to events in connection with vehicles 
operated by conventional energy carrier systems. In order to be able to maintain the existing 
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level of safety in the future, the effects of events in road tunnels involving vehicles with 
alternative energy carriers must constantly be determined and evaluated. To this aim, the traffic 
composition now and in twenty years is discussed in section 2. Section 3 deals with leaks, 
collisions and vehicle fires in combination with alternative energy carrier technologies and the 
corresponding consequences on the safety of tunnel users is discussed in section 4. Results 
presented in section 5 can eventually be used to adapt the risk-analytical assessment method for 
road tunnels and to derive any necessary adjustments to the requirements for road tunnels. 

2. TRAFFIC COMPOSITION – NOW AND IN 20 YEARS 

In course of a thorough analysis of the existing vehicle fleet for the year 2020, a starting point 
for the development on the new car market could be found. The average value for the years 
2016-2020 was used to quantify the found data, since due to the Covid 19 pandemic, the year 
2020 alone can be assumed to not be representative in terms of new registrations. This analysis 
was carried out for the vehicle categories passenger cars, light trucks, heavy trucks and buses 
and data from the EU and worldwide studies were also applied. 

All of the forecast studies that were analyzed in this regard showed that conventional energy 
carriers will become less important for all vehicle categories, but will nonetheless make up a 
large part of the vehicle fleet. The greatest change can be expected for passenger cars and buses, 
since a quarter of all newly registered vehicles already use energy carriers based on alternative 
energy sources. 
Table 1 shows the relevance of the energy carrier types for each of the four vehicle types for 
the years 2020, 2030 as well as for the year 2040 and thus summarizes the forecasts identified 
in a clear form. Basically, it is difficult to reliably predict the vehicle mix to be expected. Many 
influencing factors, in particular leaps in technological development and political decisions, 
influence the assertiveness of the individual technologies and the forecasts presented show a 
currently valid trend rather than a reliable forecast.  

Table 1: Relevance of energy carrier types to vehicle types for 2020, 2030 and 20401 

  Cars Light HGV Heavy HGV Bus  

  2020 2030 2040 2020 2030 2040 2020 2030 2040 2020 2030 2040 

 Conventional high high medium high high high high high high high high high 

 Hybrid2 high medium medium low medium medium low medium low high medium high 

 BEV medium high high low medium medium low low low medium high high 

 CNG low low low low low low low low low low low medium 

 LNG low low low low low low low low medium low low medium 

 LPG low low low low low low low low low low low low 

 FCEV low low medium low low medium low low medium low low medium 

 H2 low low low low low low low low medium low low medium 

 

                                                 
1 Conventional: Gasoline, Diesel, BEV: battery electric vehicle, CNG: compressed natural gas, LNG: 
liquified natural gas, LPG: liquified petroleum gas, FCEV: fuel cell electric vehicle,  
2 Note, that the carrier "Hybrid" includes all different types of hybrid vehicles 
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3. IDENTIFICATION OF ADDITIONAL RISKS DUE TO ALTERNATIVE ENERGY 
CARRIERS 

Based on traffic mix forecast for the year 2040 presented in Table 1, possible tunnel events 
involving battery-powered electric vehicles, fuel cell-powered vehicles and vehicles with 
internal combustion engines (CGH2, LNG), were investigated risk-analytical. This was done in 
constructing as a first step simplified exemplary hazard trees according to accidents involving 
vehicles with the mentioned alternative energy carriers. Each of the energy carriers exhibit 
special physical properties that are directly related to the type of storage and may result in 
differentiated types of risk when involved in an accident. 
As an example, Figure 1 shows the schematic representation of a hazard tree according to the 
battery electric engine and it will now be used to discuss the different hazard-tree branching-
points in a bit more detail. For each of the alternative energy carrier types mentioned above, 
four different vehicle types (car, light truck, heavy truck, bus) have been considered according 
to their respective relevance shown in Table 1. The splitting in four vehicle types is of main 
importance since not every new energy carrier system is suitable for every vehicle type. For 
example, due to the high weight of the battery a battery-powered heavy transporter is not an 
alternative to a heavy truck that runs on a conventional energy source. Furthermore, the energy 
storage devices of different vehicle types may be of different sizes and most often are placed in 
different positions and thus may lead to differentiated danger zones or hazards. The next 
branching points in the hazard tree relate to the type of event. Is the event under consideration 
a fire incident – a hot incident – or a purely mechanical one – a cold incident. Is the built-in 
safety device functional or damaged respectively not functional. The branching point 
concerning the object of hazard does in addition to the risk of tunnel users also consider the risk 
of third-party rescue teams as well as the risk for the tunnel infrastructure. However, the focus 
lies on the last branching point, the potential hazard types - such as heat, toxic gases, acid, 
electricity, overpressure, the effects of a rapidly expanding flame front (fireball) and cryogenic 
burns. 

 
Figure 1: Battery electric engine hazard tree – schematic representation 

4. RISK ANALYSIS 

Based on the very general hazard trees presented in chapter 3 in combination with available 
experience reports and expert assessments event trees were developed. The latter contain a 
manageable number of relevant hazard scenarios. Depending on the type of scenario, numerical 
methods such as numerical flow models, analytical models or already existing models have 
been used. Necessary adaptations have been made to identify the influence of vehicles with 
alternative energy carriers on the hazard extent in the tunnel structure in order to estimate the 
potential extent of damage with regard to people in the tunnel.  
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 Determination of frequencies  
Initially, it should be noted that the proportion of alternatively powered vehicles is too small to 
derive frequencies based on statistical methods, so that estimates of the probability of 
occurrence for each hazard scenario can currently only be made on the basis of qualitative 
assessments. However, this may change in the future and therefore the possibility for 
considering adapted data has been provided. 
Wherever possible, frequencies from the general road tunnel risk analysis in accordance with 
the adapted BASt-booklet B66 [5] have been used in quantifying the event tree branches 
described above – for example in the collision and fire frequencies, or in the distribution of fire 
sizes for truck fires. Where there have been no corresponding frequencies available, estimates 
have been made by the experts involved in the project by taking into account the findings and 
assumptions from similar research projects. 

 Damage extent modeling of alternative energy carriers 

Li-Ion battery fire 
In the case of Li-ion battery fires, analogous to fires in conventional vehicles, three main 
hazards with regard to personal safety were considered. These refer to the danger of heat, 
restricted visibility (smoke gases) and the danger of inhaling toxic substances. As a result, the 
model fire curves defined in the research project BRAFA [1] and the associated pollutants 
released were used as the basis for the three-dimensional CFD simulations. 

Hydrogen VCE 
In case of an accident involving a hydrogen-powered vehicle, the hydrogen tank can rupture 
due to the mechanical impact or due to thermal stress (in case the safety device on the tank is 
not working) and a vapor cloud explosion (VCE) may occur. When modeling the VCE, two 
different hazards were considered: the hazard of a fast expanding fireball and the overpressure 
hazard. The hazard area corresponding to the fireball was estimated with an experimentally 
founded relationship between the diameter of the fireball and the mass involved [6]. To estimate 
the overpressure hazard area, the generally valid relationship between overpressure and distance 
from the origin of the detonation corresponding to hydrogen tank explosions was used [7]. 

Hydrogen jet fire 
If a hydrogen-powered vehicle catches fire and the temperature at the safety valve reaches the 
threshold value, hydrogen is released. Due to the already existing fire, the released hydrogen is 
immediately ignited and consequently leads to a jet fire. The corresponding risk area was 
estimated for all considered vehicle types by using model results that were experimentally 
verified in [8]. In particular, the different number of tanks, the different tank volumes, the 
possible different storage pressures and possible different blow-out directions were explicitly 
taken into account. 

LNG BLEVE 
The overpressure of an exploding LNG tank in the tunnel was modeled with the well-
established TNT equivalence model (similar to the OECD/PIARC DG-QRAM model [9]).The 
existing mass of LNG in the tank is converted into an equivalent mass of TNT. From numerous 
experiments relating to the damage caused by TNT explosions, the damage respectively the 
hazard area of the LNG BLEVE (Boiling Liquid Expanding Vapor Explosion) was estimated. 
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 Evacuation model 
The applied, elaborate and in general terms defined evacuation model is now discussed in a 
nutshell. Instead of repeating the evacuation simulation for statistical reasons with a changed 
arrangement of so called agents along the tunnel, at each position in the tunnel, the number of 
persons is decomposed into 18 different agent types. This number results from assuming three 
age categories for both genders, i.e. six agents. Further on, for each of the six agents, three 
evacuation speeds are assumed – leading to 18 different agent types. Moreover, at each position 
in the tunnel, for each of the 18 agent types, five starting times are considered. It can be 
assumed, that agents going by car or by truck as well as the first part of bus passengers are able 
to start their respective evacuation process without any delay. The evacuation start time 
according to the second part of bus passengers is assumed to be shifted via 10 seconds, the third 
part via 20 seconds and the fourth via 30 seconds. In addition, 3% of the persons (sum of 
passenger car occupants, HGV occupants and Bus occupants) are assumed to stay in their 
vehicle and are not evacuating due to limitations in mobility or because they behave incorrect. 

 
Figure 2: Evacuation model: Agent configuration 

 Survivability model 
Each agent starts its individual evacuation process from its respective starting location into the 
direction of the next emergency exit. However, it is assumed that the agents do never evacuate 
across the fire. In this case they are assumed to decide to take the longer, but safer, way to the 
emergency exit in opposite direction.  

For every evacuation point x in the tunnel, success or failure is calculated for each of the 
different agent types. This is done for all the distinct mentioned dangers according to the 
different energy carriers – conventional fire, Li-Ion battery fire, hydrogen VCE, hydrogen jet 
fire and LNG BLEVE. In case of conventional fires as well as for battery fires, the FED / FIC3 
approach according to Purser and McAllister [10] is used, i.e. inhaled toxic fire products are 
summed up for each agent along its individual evacuation path and if one of the values exceeds 
the respective fatality threshold before the emergency exit or the tunnel portal is reached, the 
agent is considered as incapacitated. As to identify the fatality zones of the jet fire scenarios or 
the explosion scenarios, various different danger zones, depending on the size as well as the 
position of the tanks, were calculated. If in course of the evacuation process, an agent happens 
to be within one of the danger zones, the agent is considered as incapacitated.  

5. EVALUATION AND INTERPRETATION OF RISKS 

In order to be able to evaluate and identify possible additional risks due to alternatively powered 
vehicles in the tunnel, a suitable hypothetical comparison tunnel (one-way traffic tunnel without 
                                                 
3 FED: Fractional Effective Dose; FIC: Fractional Irritant Concentration 
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traffic congestion) based on the results of the BASt-research project FE 15.0663/2019/ERB 
[11] was chosen. On the basis of this tunnel, a relative assessment approach was pursued, in 
which different safety levels were compared through a relative comparison of different vehicle 
fleet constellations. By using a relative evaluation approach, the influence of imprecision on 
the evaluation result can be minimized and accordingly even the smallest safety-related changes 
can be made visible.  

In order to objectively compare the potential risk of the individual energy carriers, the 
determined risk values for each vehicle type and each energy carrier technology have been 
compared, whereby it has been assumed in each case that the vehicle type is operated to 100% 
with the respective energy carrier technology. Representative for all vehicle types, the results 
according to all three, most promising alternative engines according to cars are shown in Figure 
3 and the results show that in comparison to the conventional engine, there can no relevant 
increase in the overall risk be identified. Fire and explosion risks are not relevant for the selected 
comparison tunnel in absolute terms since the major part of the risk is due to mechanical 
incidents – collisions without fire development or explosion. This is due to the tunnel being a 
unidirectional tunnel with longitudinal ventilation at critical velocity as well as due to the fact 
that mechanical incidents do statistically occur ten times more often than fire incidents. 
However, in considering the pure fire and explosion risks there is a significant increase in risk 
from gas-powered vehicles visible. This increase in fire risk is mainly due to the additional jet-
fire scenarios taken into account in considering the fuel-cell engine. 

 
Figure 3: Comparison of total risk respectively fire and explosion risk according to the three alternative energy carriers that 
will most probably be used for cars in future. 100% share for each propulsion technology for each vehicle type, here the car, 

is assumed 

In calculating the risks according to the predicted share of the respective energy carries in the 
total traffic, the results presented in Figure 4 show that no increase in the overall risk for the 
traffic forecast compared to 100% conventional engines can be derived. As has already been 
mentioned before, fire and explosion risks are not relevant for the considered tunnel in absolute 
terms, but can increase significantly for changed shares of vehicles powered by alternative 
energy carriers in the tunnel. The extent to which the increase in the risk according to fire and 
explosion is relevant under other conditions or to what extent the overall risk increases with 
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changed conditions - especially for tunnels with a relevant proportion of traffic jams - is still to 
be clarified. 

 
Figure 4: Comparison of the total risk as well as the fire and explosion risks according to the traffic forecast 2040 and for 

100% conventional engines 

6. SUMMARY AND CONCLUSION 

The current paper outlines a thorough risk assessment procedure how to identify possible 
additional risks due to alternatively powered vehicles in tunnel structures. Based on the research 
efforts, it can be concluded that, according to the current state of knowledge, battery-powered 
vehicles do not cause a significantly higher fire risk than conventional vehicles. According to 
gas-powered vehicles, the risk assessment showed that the overall risk remained almost the 
same as for conventional powered vehicles; however, a significant increase in the risk regarding 
to fire and explosion scenarios could be identified. Even if the jet-fire, the VCE or the BLEVE 
incident are extremely unlikely from today’s perspective, the same statement applies to them 
as to large fire events, namely that they may not be relevant in the overall risk context, however, 
they will rouse socially a lot of attention and have therefore to explicitly taken into account. 
Therefore, the development of the vehicle share of these energy sources should be regularly 
reviewed in order to be able to take precautions here accordingly at an early stage.  
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ABSTRACT 
Cantene has developed a software tool called ARTU, acronym for “Risk Analysis in Tunnels”, 
that calculates the societal risk related to fire in tunnels. The tool combines probabilistic and 
deterministic approaches, including different sub-models: 1D fluid dynamics, queue formation, 
egress, interaction between fluid-dynamic conditions and people. Recently, a new version has 
been released, that includes zone modelling in the representation of fluid dynamics. Zone 
modelling makes it possible to represent phenomena like back-layering and smoke stratification 
that cannot be represented by 1D fluid-dynamic tools. These phenomena are particularly 
significant in the first phase of the fire, when mechanical ventilation has not reached the 
nominal airflow and the egress takes place. The stratification of smoke has particular 
importance in tunnels without mechanical ventilation due to the fact that the fire products move 
undisturbed. A zone modelling tool developed by Lund University was chosen and many 
adjustments were made along with the developers in order to make the software suitable to the 
tunnel fire application. The areas of applicability of the tool were also investigated.  As a results, 
the zone modelling software has been integrated into ARTU, in order to automatically manage 
a multiscale analysis depending on the characteristics of the analysed tunnel. 
Keywords: Risk analysis, 2004/54/EC, 1D fluid dynamics, probabilistic approach, validation, 

zone modelling, tunnel. 

1. INTRODUCTION

Tunnels often represent crucial nodes of a road network, as they may represent points of 
connection between two otherwise disconnected areas or even allow for transnational 
connection between countries. For this reason, tunnel fires can have catastrophic consequences 
in terms of traffic disruption, property damage, and, more importantly loss of lives [1]. Since 
the publication of the Directive 2004/54/EC of the European Parliament (related to tunnels 
within the Trans-European Road Network which are longer than 500 meters [2]), risk 
assessment has become an integral part of tunnel design [3]. Furthermore, an appropriate risk 
assessment of existing and new facilities can be a useful tool to assess tunnel safety levels and 
inform decision makers and designers upon solutions to be adopted [4]. 
Based on these premises, the Italian fire engineering and thermal science company Cantene srl 
developed a tunnel risk analysis tool called ARTU (acronym in Italian for Risk Analysis in 
Tunnels). This tool adopts a probabilistic approach to estimate the expected number of fatalities 
per year in existing and new tunnels. ARTU uses an approach based on pseudo-random 
sampling from distributions to define hundreds of different fire and egress scenarios. Random 
variables include pre-movement time and egress velocity, fire position, and the type of vehicle 
on fire (design fire). A deterministic approach is used to describe the interaction between fire 
products and people involved in each scenario [5]. 
ARTU estimation of risk is based on the analysis of a large number of different scenarios. 
Hence, in order to keep the computational cost acceptable, fluid dynamics representation is 
based on 1D model. Despite its low computational requirement, this modelling approach 
prevents the representation of phenomena like smoke stratification and back-layering that can 
occur in presence of low longitudinal velocity. These phenomena are common in naturally 
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ventilated tunnels with small slope, when the fire is growing and not fully developed. 
Furthermore in mechanical ventilated tunnel, smoke stratification can be a desired effect during 
the egress of occupants, in order to ensure that a layer free of smoke in the lower part of tunnel 
section can be used as a mean of egress. ARTU’s aim is to evaluate societal risk, namely 
expected number of fatalities per year, so its focus is on the first phase of the fire, i.e., during 
egress. A more detailed description of smoke stratification in the vicinity of the fire and during 
the first phase of the fire has the potential to better represent the interaction between occupants 
and fire, leading to a more accurate evaluation of societal risk [5]. 

2. TUNNEL FIRE MODELLING APPROACHES 

The main modelling methods for the study of fire and smoke in tunnels are here presented 
considering increasing complexity and computational cost. 
One-dimensional (1D) network models represent a system as a one-dimensional network of 
nodes, containing a single set of variables such as temperature, density, mass treated as 
homogeneous, and node connections that represent 1D transfer conduits between nodes [5]. The 
1D model returns time-varying air temperature, air velocity, and volume airflow along the 
tunnel. The intrinsic limitations of 1D models are that the flow quantities are assumed to be 
homogeneous in each cross-section. As a consequence, 1D models are not suitable to simulate 
the fluid behaviour in regions characterised by high temperature or velocity gradients. These 
regions are the ones close to the flames or in the regions where well-defined smoke stratification 
is found [1]. 
Zone models represent a compartment as multiple uniform zones (typically two zones: a hot 
upper layer and a cooler lower layer). Zone models solve conservation equations between the 
uniform zones and typically include empirical relationships for phenomena such as fires and 
plume flow. Zone models are limited by the geometry they can represent (simple, cuboidal 
compartments) but are solved relatively quickly [5]. When applying control volume equations 
to tunnel fires, consideration should be given to the unique nature of some fire phenomena in 
tunnels. For example (i) an assumption that hot-layer properties are homogeneous along the 
length of the tunnel will only be tenable for very short tunnels; (ii) ambient and forced 
ventilation flows in tunnels may affect air entrainment in plumes; (iii) the relative velocities of 
hot and cold layers may mean that shear mixing effects at the interface may not be negligible 
[1]. Nevertheless, the use of tunnel fire zone models in probabilistic tunnel risk modelling is 
not a novel approach [6]. 
Field models, also called computational fluid dynamics (CFD) models, divide a domain into 
finite elements or volumes for which conservation equations are solved. Each finite element 
holds a set of conserved variables. Field models can be used to examine complex geometry but 
require large storage space, high computation requirements and have a high computational cost 
[7]. The physical behaviour of the fluid is represented by means of mathematical models, and 
it is possible to extend the description of the fluid to include effects such as turbulence, 
buoyancy, combustion and heat transfer by radiation and convection, all in a single 
simultaneous calculation. When solutions are obtained, they should be reviewed taking into 
account the influence of grid size and time step, what influence do boundary conditions have 
on the solution, adequate convergence of solution [1]. 
As systems in the built environment are getting larger and more complex, hybrid approaches 
(also called multiscale approaches) started arising. Computational limitations mean that the 
calculation domain must be curtailed, ignoring the two-way coupling between the total system 
and a fire. Coupled hybrid modelling (adoption of coupled fire dynamics sub-models with a 
range of computational costs) expands the domain and analyses of this two-way coupling within 
a reasonable timeframe [7].  
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3. DESCRIPTION OF THE SOFTWARE ARTU 

ARTU estimates the expected number of fatalities per year in existing and new tunnels. A 
queue-formation model is used to determine the initial position of people along the tunnel, 
taking into account data about traffic conditions. The path of each person inside the tunnel 
towards the exit is calculated assuming that the people in a straight or curved tunnel can only 
move in one direction (along the tunnel wall), which can be approximated with a 1D modelling 
approach. ARTU takes into account the presence of other people in the surroundings and the 
reduction of visibility due to smoke. The estimation of damage is based on the effects of smoke 
on people, estimated by means of the FED (Fractional Effective Dose) parameter. For the 
majority of toxic products in a fire atmosphere, incapacitation or death occurs when the victim 
has inhaled a particular product dose of toxicant [8]. As with toxic gases, an exposed occupant 
can be considered to accumulate a dose of convected heat over a period of time [9]. ARTU 
calculates the FED for each person in the domain, based on oxygen, carbon monoxide, carbon 
dioxide concentration and gas temperature, obtained from the results of the fluid-dynamics 
routine.  
For the fluid dynamics representation, the first release of ARTU used a third party software 
based on 1D fluid dynamics which includes geometrical data and characteristics of the 
ventilation system. The software returns time-varying air temperature, air velocity, and volume 
airflow along the tunnel. Since it is a 1D tool, it returns only one value for each variable at a set 
distance from the fire. This value represent an average over the cross-section of the tunnel.  
To improve the resolution of the fire modelling representation available in ARTU, Cantene 
initiated a research project together with the Division of Fire Safety Engineering at Lund 
University. The aim of the project was to include zone modelling in ARTU with a multiscale 
approach.  

4. THE MULTI-ZONE MODEL 

The multi-zone model integrated within ARTU is based on an existing tool, the MZ Fire model 
[10], used to calculate the effects of a fire in an enclosure. The overall concept of a multi-zone 
model has been presented in previous publications [11].  
The enclosure is divided into several regions (horizontal) and layers (vertical) this means that 
the entire enclosure is made up of several smaller computational volumes or zones that extends 
in the x-, y- and z-direction. The conservation of mass and energy are applied for each zone and 
the calculated properties (like temperature) are uniform in each zone. The fire is specified as a 
heat release rate and the heat and hot gases rises upwards from the fire in a plume that enters 
the highest located layer in the fire region, until it hits the ceiling. Plume mass flow is calculated 
with Heskestad’s plume model [12]. The plume equation is developed from data of pool fires 
up to a diameter of 2.5 m [13] that is assumed to be axisymmetric and not influenced by wind. 
Air and hot gases are entrained in the plume from the layers that it passes through. Mass is 
transported horizontally to layers in adjacent regions due to hydrostatic pressure differences. 
The driving mechanism behind the transport of smoke in the MZ Fire model is temperature 
differences between the different zones. This makes the implementation difficult when 
momentum forces become important. To account for momentum resulting from when a fire 
plume hits the ceiling and a horizontal flow created, an empirical ceiling jet model is used. The 
vertical flow of mass between layers is calculated based on the conservation of mass.  
Heat is transferred to solid obstructions through convection and radiation, and through 1-D 
conduction in obstructions. Heat is transferred between zones through the flow of hot gases and 
radiation [5]. 
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5. APPLYING MULTI-ZONE MODEL TO TUNNELS 

The MZ Fire model, which originally was developed for large enclosures, has been updated and 
adapted for tunnel environments. In fact, the use of zone models requires carefully 
consideration of: (i) the ratio between length and height of the simulated domain; (ii) the 
representation of ventilation devices used in tunnels, such as jet-fans, that may require dedicated 
model input calibration efforts. The integration of MZ Fire model into ARTU involved a set of 
developments needed specifically for tunnel fire scenarios (e.g. tunnel gradient and tunnel 
section representations). In addition, an analysis has been done to determine the MZ model 
domain of application. Analysis was done by means of a benchmarking with full scale test data 
and field model simulations. Figure 1 compares the ceiling gas temperatures at different 
distance from fire obtained by empirical test, FDS field model simulation and MZ model 
simulation. The data refers to the Runehamar tunnel test T1, where an HRR with peak equal to 
205 MW after 20 minutes from ignition was estimated. 

 
Figure 1: ceiling gas temperatures at different distances from the fire for the Runehamar tunnel test T1 [5] 

Figure 1 shows that the ceiling jet temperatures closer to the fire source (100-150 m) are 
predicted well by the MZ Fire model, while the temperatures further away (250+ m) are over 
predicted. In general, MZ predicts a higher temperature closer to the ceiling, and lower 
temperature at the lower levels. The average temperature over the height is corrected. 
Nevertheless, since the focus is on predict the interaction between people and smoke, the under 
estimation of temperature in the lower height is not acceptable. For this reason, applicability of 
MZ model is set to HRR lower than 20MW, based on the extensive benchmark reported in [5]. 
In addition, benchmark results showed that MZ model can be suitably applied to short portion 
of tunnels (<200m from fire). These applicability limits make the zone model particularly 
appropriate to determine the tenability conditions in the vicinity of fire, during the first phase 
of emergency, when egress takes place. 

6. CASE STUDY 

The selected case study is a bidirectional tunnel with natural ventilation.  
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Table 1: the case study 

Length  910m   
Cross sectional area  60m2 
Slope 0.5% 
Number of emergency exit None 
Traffic direction Bidirectional  
Average annual daily traffic  8.460 veh/day  
% of heavy goods vehicle 9% 
Ventilation system  Natural  
Fixed-fire extinguishing system None 

An analysis was done for a fire 50m from left portal involving a light vehicle. The 
corresponding HRR is taken from [13]. Peak value is reached in 300s from the ignition and 
corresponds to 8MW. 

 
Figure 2: HRR curve 

Figure 3 and Figure 4 show a comparison between the results obtained by the 1D and the zone 
modelling tool. In each figure, the upper graph shows the results from 1D model. The second 
graph shows the results from zone model that are related to a shorter domain (100m) in the 
vicinity of fire. The lower graph shows the combination of the two models, thus the multiscale 
approach result. Results from 1D model are averaged on the cross section of tunnel, while 
results from zone model are taken at 2 m from the floor, along the tunnel axis. 
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Figure 3: visibility along the tunnel at 3 different times 
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Figure 4: temperature along the tunnel at 3 different times 

Applying zone modelling instead of 1D modelling makes the risk estimation more accurate, as 
explained in the following. 
(i) 1D models gives a too conservative estimation for both temperature and visibility, in 
particular in the first 60 seconds from the ignition. In fact, when using 1D models, an implicit 
hypothesis is done that if there is smoke in a section of tunnel, people interact with it, because 
smoke is assumed as homogeneously spread in the tunnel cross section. Zone models instead, 
make it possible to estimate the smoke layer height, thus leading to a more precise estimation 
of users-smoke interaction (Figure 5). 
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Figure 5: different estimation of users-smoke interaction 

 
(ii) Zone modelling makes it possible to investigate the dynamic of smoke in the vicinity of 
fire. As described by [15], at a short distance from the point where the fire plume impinges on 
the tunnel ceiling, the smoke flow transits to a longitudinal flow on both sides in a tunnel with 
essentially no longitudinal ventilation and nearly no slope. Eventually such a layer will become 
thicker and descend towards the tunnel floor. This can be seen in the particular shape of the 
visibility output from zone model. 
(iii) The zone model estimates the effect of slope in a more precise way than the 1D model. In 
1D results, the smoke is pushed through the right portal by the effect of buoyancy. No back 
layering is represented because of the intrinsic limitation of this kind of model. 1D modelling 
cannot describe back-layering in case of a longitudinal velocity lower than critical value (Figure 
6). The zone model instead shows the presence of back-layering through the left portal. 

 
Figure 6: 1D representation of cases with different longitudinal ventilation 

7. SUMMARY AND CONCLUSIONS 

Zone modelling provides an alternative modelling concept to simple one-dimensional models 
and more advanced CFD models. The strength of the zone modelling compared to the 1D 
models is that it is possible to get the vertical and horizontal distribution of e.g., temperature 
and visibility in the simulated domain. Regarding more advanced models, the benefit of the MZ 
Fire model is that the simulation time is much smaller. Even if the results are promising caution 
should be taken when using the model, since it includes several simplifying assumptions. For 
this reason, it should be kept in mind that the zone modelling is a complement to other models 
and tools. For some situations a one-dimensional model might be more adequate. All in all, the 
possibility to switch between a more or less refined representations of tunnel fire dynamics (still 
having computational times that do not impede the use of this approach) offers more flexibility 
to the tunnel fire safety designer and expands the possible range of applicability of ARTU [5]. 
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ABSTRACT 
The Belgian fire engineering consultancy FESG – A Jensen Hughes Company - has been developing a 
risk assessment framework for tunnels called FIERCE (Fire Integrated Environment for Risk 
Comprehension and Evaluation) in cooperation with Ghent University. The goal of the framework is to 
develop a probabilistic approach towards fire safety measures in tunnels taking into account specific fire 
safety measures (sprinklers, water mist systems, ventilation) but also structural and financial 
considerations. The framework couples, CFD, 1D and evacuation simulations in order to asses the 
impact of a tunnel fire in terms of potential casualties. In order to evaluate the structural damage and 
subsequent downtime a finite element model of a representative tunnel was built in ‘SAFIR’. This model 
was subjected to several fire curves, with a heating phase conforming to the RWS curve and an 
exponential decay phase. The evaluation of the damage and associated cost was done by mapping the 
depth of the 300 °C isotherm and residual deformations at the end of the decay phase to a damage state 
leading to an assessment matrix correlating the fire curve and the damage state. The damage state was 
subsequently linked to a repair cost as well as a cost associated with the unavailability of the tunnel.  

Keywords: QRA, Tunnel Fire Safety, SAFIR, downtime, cost-benefit 

1. INTRODUCTION

Notable accidents such as the Mont Blanc tunnel fire, the Tauern tunnel fire and the Channel tunnel fire 
have raised awareness for the need of effective fire safety measures in tunnels. This awareness was also 
reflected in the European Directive 2004/54/EC [1,2,3] which aimed at bringing the safety level of the 
tunnels throughout the Trans European Road Netwerk to a higher level. In this directive a strong 
emphasis is placed on the importance of a thorough risk analysis as forming the basis for the measures 
that need to be put into place to achieve an acceptable safety level. This triggered the development of 
several risk assessment methods for road tunnels [4, 5]. As a result different countries developed 
different risk assessment methods independently, based on local accident databases and fire events [6]. 
Currently there is no proprietary risk analysis tool for tunnels in Belgium. The FIERCE project therefore 
set out to investigate and develop a holistic framework  that would allow an all-encompassing 
probabilistic, risk-based approach towards the design and assessment of fire safety systems in tunnels. 
By taking a probabilistic approach an integrated solution can be provided, considering structural, life 
safety and economic aspects optimized to the lifecycle of the tunnel. 

2. QRA FRAMEWORKS IN EUROPE

The current risk assessment methods in use throughout Europe all have different levels of complexity 
and accuracy. The methods are either quantitative or qualitative, system based or scenario based and 
may or may not consider dangerous goods [7]. Depending on the risk assessment method that is applied 
to a certain tunnel, the outcome in terms of measures that need to be taken, might be vastly different. 
There is however always a trade-off that needs to be made between the cost and benefits of certain 
proposed measures. The current risk assessment methods do not allow to take such trade-offs into 
account, neither do they allow an easy integration of the probabilistic nature of the parameters and 
boundary conditions involved with the occurrence of a fire. When not taking into account the 
probabilistic nature of these variables the different methods can lead to widely different results for the 
same tunnel. This should be avoided and a more uniform approach should be used in order to provide 
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consistent results [8]. A lot of the risk assessment tools in use today, such as the OECD/PIARC QRA 
model and the RWS method are spreadsheet-based tools working with a pre-set number of scenarios. 
Since the number of scenarios is limited these tools do not always deliver an optimal solution. 
Furthermore only the scenarios imposed by the issuing member states are considered in the respective 
QRA methods, while the type of road infrastructure might deviate substantially between different 
member states [7]. These methods focus mainly on possible control measures, while for example the 
reliability of the measures (e.g. reliability of sprinklers vs smoke and heat control systems) is not taken 
into account. Some notable shortcomings of the most used current methods are the inability to take into 
account one or more of the following aspects: sprinklers, new energy carriers, transversal ventilation, 
structural stability, the propagation of smoke or the impact of smoke on the evacuation of people from 
the tunnel. By providing a framework which can be extended with additional modules the proposed 
framework aimed to overcome the inherent deficiencies of the existing methods. 

Besides the inability of most of the existing methods to address structural and monetary considerations, 
in Europe, differently than in other countries such as Japan or Australia, active suppression systems are 
not employed in tunnels [9] and thus not taken into account in the existing risk assessment tools. Water 
suppression systems can however strongly limit the growth and the size of the fire and as a result also 
the negative effects related to a large fire. On the other hand the suppression system will also affect the 
smoke stratification which in turn will affect evacuation conditions. Research has however showed that 
the use of water suppression in tunnels generally has a positive impact and consequently it should be 
possible to include such safety measures in the risk analysis [10, 11]. 

3. THE FIERCE FRAMEWORK 

Fire safety in tunnels is a complex process with multiple interacting elements such as the fire, the traffic 
flow, the tunnel’s structure and the fire safety measures influencing one another in multiple ways [12, 
13, 14, 15]. The development of a new approach for assessing fire safety in tunnels, including the 
probabilistic nature of the processes involved, thus requires the integration of different fields of expertise 
combined in a single holistic approach. The FIERCE tunnel safety framework, encompasses different 
sub-models within a Performance Based Design (PBD) framework. As an alternative to the prescriptive 
approach a performance based design allows the fire safety engineer to propose alternative solutions 
which allow to satisfy the performance criteria in an optimized way. A deterministic approach takes into 
account only a prescribed set of expected worst case scenarios. These are then used to design the 
different safety systems: ventilation, suppression and or passive protection and detection. However, in 
choosing the fire scenario a lot of assumptions are made. Ambient conditions, traffic, failure rates of 
components,… all these variables rely on the constraints of the project on the one hand and on the 
experience of the designer on the other hand. They thus often rely on engineering judgement. As a result 
a too conservative choice of the input parameters leads to an overly expensive design while a non-
conservative choice leads to a high risk in case of fire. Therefore, in order to propose design solutions 
which are optimized both in terms of life safety, structural safety and business continuity the risk 
assessment has to take into account all possible scenarios that can occur throughout the lifecycle of the 
tunnel. In order to do so a probabilistic approach is proposed. 

In a probabilistic design it is possible to include a continuous set of fire scenarios which are then sampled 
and used to represent the probability of a certain scenario occurring throughout the lifecycle of the 
tunnel. The consequences of the design fire scenarios are then evaluated with a performance based 
approach and the final result of the assessment is represented in an FN curve. Such an FN curve is used 
to evaluate the risk for life safety by correlating the number of fatalities with the frequency of a certain 
accident. This concept of risk evaluation is further extended by the framework to also include the 
financial consequences of the fire and the effect of the fire on the structural stability of the tunnel. The 
framework aims to provide an integrated design approach where the different submodels, as shown in 
figure 1, influence one another and their mutual dependence is taken into account. 
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Figure 1: submodules making up the integrated design approach 

 Submodule interaction 
The first layer in the consequence modelling of the FIERCE framework deals with ventilation and 
evacuation modelling. The ventilation modelling is based on a 1D approach in order to be able to run a 
great number of simulations in a reasonable time frame, which is not possible with current CFD 
packages. The evacuation model in turn is capable of running a large amount of simulations and directly 
takes into account the effect of the fire and smoke spread on occupant movement, slowing down 
occupants when they have to evacuate through smoke conditions. The coupling of the smoke spread and 
evacuation models allows for the calculation of  the FED or FID and as such an assessment of the amount 
of possible casualties.  

In the second layer the events that directly affect the HRR of the fire are considered such as suppression 
systems that may be present and possible suppression efforts by the fire brigade. In order to evaluate the 
effects of the suppression system a simplified model was developed that allows for a quick determination 
of the cooling effect of a watermist system. The firefighter intervention model is based on an event based 
approach where fire brigade operations are broken up into several activities including: gathering 
information, dispatch of resources, equipment set up, control and extinguishment of the fire, and search 
and rescue [16]. Amongst several parameters the success of the firefighter intervention largely depends 
on the intervention time, more specifically the so called ‘time to water on fire’, the moment at which the 
suppression activities are started [17,18]. The intervention time can be split into several stages as shown 
in the figure 2. 

 
Figure 2: event flow for the fire brigade intervention  
The model provides an estimation of the time required for the firefighters to reach and possibly suppress 
the fire, thus influencing the HRR of the fire [19]. 

In the final layer, the novelty of the proposed approach lies in the structural model that was developed 
and which allows for both a structural and financial assessment of the consequences of the fire. This 
model is expanded upon in the following section. 



- 181 - 
 

11th International Conference ‘Tunnel Safety and Ventilation’ 2022, Graz 
 

4. STRUCTURAL MODEL 

To allow for a comprehensive risk evaluation, also the structural performance during and after fire is 
assessed. First of all, structural integrity during fire allows for evacuation and search and rescue 
operations. Secondly, service interruption following a fire can constitute very large indirect 
consequences, i.e., through increased travel times for users. In situations where structural repairs or 
reconstruction are required post-fire, this service interruption can extend over many months. 

 Fire exposure 
Tunnel structures are commonly designed or assessed considering a heating phase exposure only. The 
structure’s minimum capacity is however obtained during the decay phase, and permanent deformations 
and load redistribution imply that heating phase stability is no proxy for post-fire usability. Considering 
Li and Ingason [20], the temperatures achieved in severe tunnel fires (i.e., structurally significant fires) 
are capped by the characteristics of the tunnel, and not by the potential heat release rate (HRR) of the 
burning heavy goods vehicles. Therefore, as soon as the HRR is sufficiently high (order of 90 MW), the 
heating phase can be modelled considering the RWS fire curve. Here, the decay phase is modelled 
considering the equation below, with the decay phase coefficient b ranging between 0,0015min-1 
and 0,0611 min-1, based on experiments listed in [21]. The average value of 0,025 min-1 is adopted. 
Resulting exposures are visualized in figure 3 

 
Figure 3: Exposure considered for structurally significant fires. 

 Concrete spalling 
Spalling is modelled considering nominal spalling rates, as recommended in [22] and applied by Hua et 
al. [23]. Specifically, a set time for the onset of spalling is considered, followed by a constant spalling 
rate of, for example, 3 mm per minute. Spalling is stopped as soon as either (i) the reinforcement layer 
is reached, or (ii) when the fire enters the decay phase. Hua et al. [23] report spalling rates for tunnels 
of up to 5mm/min. In the current study nominal spalling rates of 1/2/3/3.75/5 mm/min are considered, 
as well as a no-spalling case. For each spalling rate a corresponding probability is specified considering 
the experimental dataset listed by Hua et al. 

 Structural model and performance during fire 
A twin tunnel section with a smaller internal connecting tube is considered. This section is evaluated in 
order to allow for a fast and approximate assessment of similar designs. Cross-sectional dimensions for 
the tunnel are indicated in figure 4. The springs representing the soil restraint to outwards movement are 
represented by the blue lines. The tunnel section is symmetrical. Fire exposure is modelled for the left 
tube only, heating the walls and ceiling (not the floor). The calculations are done using the dedicated 
structural fire engineering software SAFIR [24]. Further details on the structural model are provided in 
[25]. Structural failure during fire was observed for high load combinations. When considering the 
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expected load values (as is required for a risk-based design optimization), all considered tunnel 
structures maintained stability for the full fire duration. 

 
Figure 4: Tunnel section and dimensions (axis position). 

 Post-fire damage and downtime assessment 
Post-fire damage is considered to relate to (i) permanent damage to heated concrete, and (ii) permanent 
deformations in the tunnel cross-section. Damage limit states based on [26] are adopted. Specifically, 
concrete heated above 300°C is considered to require replacement, while deflection limits apply for the 
walls and ceiling (e.g., a ceiling deformation exceeding span/120 requires full reconstruction). 

The resulting damage states are defined for different nominal spalling rates and cases where the concrete 
is protected with fire protection boards, considering different RWS heating phase durations. For the 
ceiling the thermal damage state generally dominates the mechanical (deformation) damage state, 
meaning that the repair strategy for the ceiling is defined by the thermal ingress. The obtained damage 
state due to the thermal and mechanical damage is listed in figure 5. As the damage state relates to a 
repair strategy, the damage states are then directly linked with a cost for repair and repair duration (i.e., 
downtime). The repair costs of the tunnel structure can then be estimated, based on the damage 
parameters D300 and the residual deformations, and its associated damage state classification. The 
repair cost for a repairable structure is the sum of cost of labor and materials required to carry out the 
repair, while in case of an irreparable structure, the cost is a sum of demolition and reconstruction cost. 
The same applies to the evaluation of downtime, which can also be represented as a cost. Depending on 
the level of damage, and the considered costs, it may be ‘cheaper’ to rebuild than to repair. Considering 
[27], downtime costs can be very high for critical infrastructure (order of 1M EUR per day) and these 
downtime costs can dominate the overall cost-benefit assessment. In other words, decisions on the 
effectiveness of fire protection measures (notably passive fire protection) are generally governed by 
downtime considerations. 

Figure 5: thermal damage state classification (left) and mechanical damage state for the ceiling (protected and unprotected) 
under RWS fire exposure in function of heating phase duration and nominal rate of concrete spalling. 
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5. SUMMARY AND CONCLUSION 

The FIERCE framework provides a holistic approach to the risk assessment of tunnels under fire 
conditions. The different submodules making up the framework interact with another to ensure the 
dependencies between them are taken into account as accurately as possible. The ventilation, evacuation 
and additional submodules that may influence the HRR of the fire allow the assessment of the fire safety 
measures in terms of life safety. The structural module on the other hand allows insight into the structural 
fire performance, the possibility of structural failure, and the extent of the damages post-fire. This in 
turn allows for an assessment of the damage caused by the fire and the associated cost due to repairs and 
downtime of the tunnel. The results of an analysis via the framework allow for a trade-off to be made 
between the fire safety measures and their cost, thus allowing an optimal solution to be obtained in terms 
of costs versus benefits. 
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ABSTRACT 
Tunnel ventilation plays a significant role in road tunnel availability. Especially in single-tube, but also 
in twin-tube road tunnels with transverse ventilation, the failure of an exhaust fan often leads to complete 
tunnel closure – at least in Austria. 

Comparison of international guidelines shows that different countries have different specifications 
regarding exhaust fan redundancy for transverse ventilation systems in tunnels. Almost all stipulate the 
need for redundancy in the design and operation of transverse ventilation systems. The Austrian 
guidelines and regulations are the only ones of those investigated not containing information on the 
requirement for a redundant ventilation system. 

Increasing the availability of road tunnels through a redundant ventilation concept is always associated 
with increased investment costs. However, these are justified when considering the loss of revenue as a 
result of tunnel closure. Redundancy can be achieved through various approaches. On the one hand, 
redundancy can be achieved by setting up additional fans in parallel; on the other hand, a redundant 
ventilation system can be achieved by using structural solutions.  

In future there will be an increasing need to ensure the availability of major road networks. It is therefore 
necessary to update the Austrian guidelines and regulations to make them state of the art.  

Keywords: Tunnel, Ventilation, Redundancy, Availability 
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1. INTRODUCTION 

Tunnel ventilation plays a significant role in road tunnel availability. Especially in single-tube, but also 
in twin-tube road tunnels with transverse ventilation, the failure of an exhaust fan often leads to complete 
tunnel closure. The Austrian Guidelines and Regulations for the Planning, Construction and 
Maintenance of Roads (RVS 09.02.31) do not stipulate that redundancy is a requisite for exhaust fans 
in transverse-ventilated tunnels. 

Since complete tunnel closure is associated with massive financial losses and also has economic 
consequences, the position that other countries take with regard to the issue of failure safety has been 
examined. In addition, the different specifications for the dimensioning of transverse-ventilated tunnels 
in different countries are shown, as well as the requirements for exhaust fans. 

As there are no specifications related to redundancy in RVS 09.02.31, the possibilities for counteracting 
failure of one of the exhaust fans are discussed, as exhaust fans are essential for tunnel operation. Due 
to the fact that setting up redundant systems involves additional costs that should not be underestimated, 
the costs incurred and the effect on the availability of the individual systems are also evaluated and 
compared. 

2. REDUNDANCY: GUIDELINES, REGULATIONS AND POSSIBILITIES 

 Comparison of guidelines and regulations with regard to the requirement for a 
smoke extraction system 

The specifications of the country-specific guidelines and regulations for road tunnel smoke extraction 
systems in Austria, Germany, Switzerland and the USA are outlined in the following. An overview of 
all of the specifications is given in Table 1: Overview of Design Criteria for Exhaust Fans. 

 

RVS 09.02.31 (Guidelines and Regulations for the Planning, Construction and Maintenance of 
Roads – Austria) 

RVS 09.02.31 stipulates a heat release rate (HRR) of 5 MW for car traffic only and 30 MW for mixed 
car and heavy goods vehicle (HGV) traffic. When the share of HGVs is more than 15%, the HRR is to 
be increased depending on the result of the respective tunnel risk analysis. [1] 

The exhaust fans must be designed in such a way that their functionality at a smoke gas temperature of 
400°C is guaranteed for a period of minimum 120 min. [1] This corresponds to fire class F400 in 
accordance with the European standard (EN 12101-3). [2] RVS 09.02.31 does not stipulate that 
redundancy is a requisite for exhaust fans. [1] 

 

EABT-80/100 (Recommendations for Equipping and Operating Road Tunnels with a Design Speed 
of 80 km/h or 100 km/h – Germany) 

The HRR stipulated in EABT-80/100 depends on the HGV kilometres travelled per day and tube. A 
HRR of 30 MW applies when up to 4,000 HGV-km are travelled per day and tube. If the number of 
HGV-km travelled per day and tube is between 4,000 and 6,000, the HRR must be increased to 50 MW. 
If the number of HGV-km travelled per day and tube exceeds 6,000, a HRR of 50 to 100 MW must be 
assumed for the design of the ventilation systems, depending on the result of the respective tunnel risk 
analysis. [3] 

In the case of smoke extraction via an exhaust duct with a length greater than 50 m, the functionality of 
the exhaust fans, at a temperature of up to 250°C, must be guaranteed for 90 min. In the case of point 
extraction, or smoke extraction via a shorter exhaust duct, with a length less than 50 m, the functionality 
of the exhaust fans, at a temperature of up to 400°C, must also be guaranteed for 90 min. [3] As this 
information is not classified in EN 12101-3, fire class F400 must be used. [2] 
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The redundancy requirement for the exhaust fans in EABT-80/100 stipulates that it should be possible 
to extract at least 70% of the total design flow rate in the event that an exhaust fan fails. [3] 

 

ASTRA 13001 (Swiss Federal Roads Office – Switzerland) 

The HRR stipulated by the Swiss ASTRA is 30 MW, independent of the traffic load. [4] 

In the case of smoke extraction via an exhaust duct with a length greater than 50 m, the functionality of 
the exhaust fans, at a temperature of up to 250°C, must be guaranteed for 120 min. In the case that the 
distance between the first exhaust damper and the exhaust fan is less than 50 m, the functionality of the 
exhaust fans, at a temperature of up to 400°C, must be guaranteed for 120 min. [4] To ensure this, fire 
class F400 must be used for the exhaust fans in accordance with EN 12101-3. [2] 

Swiss ASTRA’s redundancy requirement for the exhaust fans stipulates that it should be possible to 
extract at least 65% of the extraction flow rate from the tunnel traffic area in the event that an exhaust 
fan fails. This requirement applies to each tube individually, even if other structural measures, such as 
ventilation cross passages, are in place to increase the extraction flow rate. [4] 

 

NFPA 502 (National Fire Protection Association - USA) 

NFPA 502 stipulates a HRR of 15 to 300 MW. The HRR used for the design depends on the type of 
vehicles that are to be expected. In addition, in tunnels with life-saving safety systems, such as fixed 
fire-fighting systems, NFPA 502 allows for mitigation of the design fire scenario. [5] 

The exhaust fans must be designed in such a way that operation, at a smoke gas temperature of up to 
250°C, must be guaranteed for 60 min. [5] When considering EN 12101-3, this specification does not 
correspond to any fire class. For reasons of comparison, fire class F300 is used. [2] 

The redundancy requirement in NFPA 502 stipulates 100% redundancy in the event that an exhaust fan 
fails. This means that the ventilation system must be designed in such a way that it is still possible to 
extract 100% of the flow rate in the event that an exhaust fan fails. [5] 
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Table 1: Overview of Design Criteria for Exhaust Fans 

Guideline 
Exhaust fan 
redundancy Heat Release Rate (HRR) Exhaust fan fire 

class 

RVS 09.02.31 
[1] 
(Austria) 

not required 

5 MW for car traffic only 
30 MW for mixed car and HGV traffic 
>30 MW for >15% share of HGVs; risk 
analysis required 

120 min at 400°C 
 Fire class F400 

EABT-80/100 
[3] 
(Germany) 

70% of design flow 
rate if one exhaust 
fan fails  

30 MW for up to 4,000 HGV-km/day and 
tube 
50 MW for up to 4,000 HGV-km/day and 
tube 
50–100 MW for > 6,000 HGV-km/day and 
tube; risk analysis required 

90 min at 250°C 
90 min at 400°C 
 Fire class F400 

ASTRA 13001 
[4] 
(Switzerland) 

65% of design flow 
rate per tube if one 
exhaust fan fails  

30 MW 
120 min at 250°C 
120 min at 400°C 
 Fire class F400 

NFPA 502 [5] 
(USA) 

100% of design 
flow rate if one 
exhaust fan fails  

15–300 MW, depending on type of vehicles 
expected and installed fire protection 
measures 

60 min at 250°C 
 Fire class F300 

 

 Possibilities for increasing availability and achieving redundancy 
In a tunnel with transverse ventilation or point extraction, the exhaust fans in the ventilation buildings 
are the most important components. Due to their size and the requirements, these fans are in most cases 
individually manufactured. As a result, long waiting times must be expected, in most cases, for 
replacements in the event of damage. 

There are several possible ways to achieve redundancy in tunnel ventilation systems. However, the goal 
remains the same: to increase the availability of road tunnels and subsequently maintain operation of 
important main traffic routes. 

Increasing availability by keeping replacement parts in stock: 

The motor is the component of an exhaust fan which is most likely to be damaged. Therefore, 
procurement of a replacement motor is a possibility for reacting quickly in an emergency and for 
counteracting long tunnel closure. However, the necessary storage space must be available for this 
measure. If this is not the case, it is possible to store the replacement motor with the manufacturer for a 
storage fee. The respective manufacturer then also takes care of the necessary maintenance works, such 
as regularly moving the rotor. This solution is well suited to increasing availability in existing tunnels 
where the required storage space is not available, without the need for structural measures. Another 
possibility to increase availability is to keep a complete replacement fan in stock (n+1). 

Increasing availability by means of redundant systems: 

Fully redundant systems 

For every individual exhaust fan, there is an additional parallel fan that can completely (100%) replace 
the failed exhaust fan (= fully redundant system: 1+1) in case of an incident. If the fans are all in 
operation during normal operation (part-load operation), this is referred to as hot redundancy. If the 
parallel exhaust fans are not in operation during normal operation, this is called cold redundancy. Fully 
redundant systems are very cost-intensive, but also offer the highest standard in terms of failure safety. 

Transverse-ventilated tunnels with ventilation systems designed according to NFPA 502 always have a 
fully redundant system. 
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Partially redundant systems 

As some guidelines and regulations do not require 100% redundancy, the system can be designed in 
such a way that all components have to be operated in part-load operation during normal operation, in 
order to achieve the design flow rate and reduce costs. In the event that an exhaust fan fails, the 
remaining exhaust fans are operated in full load mode. In total, depending on the design, only 70% of 
the design flow rate is achieved. As all exhaust fans are needed to achieve the design flow rate, partially 
redundant systems always comprise a hot redundancy. In a partially redundant system, the costs can be 
slightly reduced in comparison to a fully redundant system, as the individual exhaust fans will be 
smaller, depending on the redundancy requirement. The availability is not affected, provided the 
applicable guidelines and regulations permit a partially redundant system. It is to be noted that, in some 
cases, parallel operation of fans may lead to significant fluctuations in electricity demand. This problem 
particularly occurs at fans with asymmetrical inflow. 

Tunnels for which the EABT-80/100 or the ASTRA specifications were used for the dimensioning of 
the ventilation system have at least one partially redundant system. 

Structural redundancy: 

In twin-tube tunnel systems, the exhaust air ducts of both tubes can be connected via ventilation cross 
passages. In the event that an exhaust fan fails, both of the exhaust fans in the second tube can replace 
the exhaust fan that has failed. However, this type of redundancy is not permitted by all guidelines and 
regulations. 

Example: Karawanken tunnel, see Chapter 2.3 

 

 The Karawanken tunnel as a project-specific example of structural redundancy 
The approx. 8 km long Karawanken road tunnel connects the A11 Karawanken motorway and the A2 
motorway (which forms part of the Slovenian road network). Since March 2015, the first tube of the 
Karawanken tunnel has been operated as a bidirectional road tunnel with a ventilation system 
rehabilitated in accordance with the requirements of RVS 09.02.31. After completion of the second tube, 
the twin-tube tunnel will be operated as a unidirectional tunnel system with 2 lanes for each direction of 
traffic. The ventilation system is planned as a semi-transverse ventilation system that has jet fans in the 
lay-bys, as illustrated in Figure 1.  

 
Figure 1: Lay-by niche [6] 

A concept for a redundant tunnel ventilation system has been developed by ILF Consulting Engineers 
Austria GmbH in collaboration with ASFINAG for the construction of the second tube of the 
Karawanken tunnel. Although it is not stipulated in RVS 09.02.31 that redundancy is a requisite for 
exhaust fans, the interconnection of the ventilation systems in both tunnel tubes, via four ventilation 
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cross passages, as shown in Figure 2, increases the tunnel’s availability. The great advantage of this 
combined ventilation system is that if an exhaust fan fails, it can be replaced by one or both fans in the 
neighbouring tube. For this, only the dampers at the end of the cross passages have to be opened, see 
Figure 3.  

 
Figure 2: Ventilation cross passage [6] 

 
Figure 3: Detail: Connection of the ventilation cross passage [6] 

This ventilation system ensures the availability and thus the continued operation of the tunnel in case of 
an incident or planned maintenance works. This makes it possible to achieve redundancy through a 
structural solution – in this case ventilation cross passages – without needing to change the number or 
size of exhaust fans. Consequently, there are no extra costs for additional ventilation equipment. As the 
ventilation cross passages are constructed as part of the construction of the second tube, the investment 
costs are kept within reasonable limits. 

Estimated loss of revenue as a result of tunnel closure 

To illustrate the costs arising in the event of tunnel closure, the loss of toll revenue has been calculated 
and is shown in Table 2. The cost estimate is based on the annual average daily traffic (ADT) volume 
(the ADT volume used for the dimensioning of the tunnel system) as well as the current toll costs of 
EUR 7.60.  

Table 2: Loss of toll revenue as a result of tunnel closure 

Toll costs Loss of toll revenue 
per hour ~ EUR 4,000 
per day ~ EUR 100,000 
per week ~ EUR 700,000 
per month ~ EUR 3,000,000 
per year ~ EUR 36,000,000 € 
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The economic consequences for other companies – due to delivery delays resulting from detours and 
traffic jams, additional costs as a consequence of longer delivery routes, etc. – have not yet been taken 
into account. 

 Comparison of different systems for achieving redundancy 
For a better understanding of the different types of systems available for achieving redundancy, an 
evaluation matrix showing different alternatives is included below. A comparison of the additional costs 
and the increase in availability is made. The reference case is the case without redundancy, as it is 
described in the current version of RVS 09.02.31, where: 

 0 … the same, + … better, ++ … much better, - … worse, -- … much worse. 

Table 3: Comparison of different solutions 

Redundancy system Availability Costs 
No redundancy 0 0 
Fully redundant systems ++ -- 
Partially redundant systems ++ - 
Keeping replacement parts in 
stock 

+ - 

Structural redundancy ++ -- 
 

3. SUMMARY AND CONCLUSION 

The comparison of guidelines and regulations showed that the respective design specifications for the 
HRR in each of the respective countries differ greatly from each other. In almost all of the countries 
considered, the HRR used for the design depends on the expected transport mix. The exception is 
Switzerland, where a recommended value is specified. When allocating the fire classes given in EN 
12101-3 to the requirements prescribed for the exhaust fans, it can be seen that there is consensus on 
this topic among European countries. Internationally, the requirements are somewhat less stringent. In 
all of the guidelines and regulations examined, with the exception of the Austrian RVS 09.02.31, 
redundancy for exhaust fans is required to varying degrees. It is mostly specified as a percentage 
availability and refers to exhaust fan failure. If permitted by the applicable guidelines and regulations, 
redundancy can be achieved through a structural solution without the need for keeping additional 
equipment in stock. In twin-tube tunnels, for example, redundancy can be achieved by connecting the 
ventilation systems of the two tubes by means of ventilation cross passages. 

Increasing the availability through a redundant ventilation concept is always associated with increased 
investment costs. For redundant or partially redundant systems, the investment costs for the ventilation 
equipment increase noticeably. If the resulting additional costs are compared with those which are 
incurred in the event of complete tunnel closure, the investment already pays off within a few weeks. 
This is why the option of implementing a redundant system should be considered for greenfield tunnel 
projects in Austria, especially for important main traffic routes. 

In order to effectively counteract the high loss of revenue and the economic consequences associated 
with tunnel closure due to defective ventilation equipment, the safety-relevant systems required for 
tunnel operation have to be constructed as redundant systems. Thus, the growing need for major road 
networks to have a higher availability can be met. 

Evaluation of the country-specific guidelines and regulations showed that the Austrian RVS 09.02.31 
constitute an exception, when compared internationally, as regards the non-existent requirement of 
redundancy. In order to keep pace with the state of the art, at least in Europe, it is necessary to revise 
and update the content of RVS 09.02.31.  
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ABSTRACT 
This paper describes the validation of a model tunnel designed for investigations on the design 
and operation of ventilation systems in road tunnels. The model tunnel in a scale of 1:18 allows 
flow visualisation and velocity measurements via particle image velocimetry technique (PIV). 
For isothermal investigations on fire scenarios, a buoyant helium-air-mixture is injected into 
the tunnel. Analogue scaling based on the preservation of the Froude number is used to correlate 
the results to real scale.  

Two experiments with mechanical longitudinal ventilation from the “Memorial Tunnel” test 
program were considered suitable for validation. The investigations were carried out in parallel 
experimentally with the model tunnel and numerically with the Fire Dynamics Simulator 
(FDS). The validation comprised a qualitative comparison of the smoke propagation and a 
quantitative comparison of vertical flow profiles in the tunnel axis to the original data.  

Overall, a good agreement with the original data was found in the evaluation of the results, so 
that a successful validation was assumed. The results show that it is possible to obtain similar 
flow characteristics applying analogue scaling in fire scenarios including the operation of model 
jet fans.  

Keywords: model tunnel, mechanical ventilation, validation, analogue scaling. 

1. INTRODUCTION

The design and operation of ventilation systems for road tunnels has been the object of 
experimental studies since the 1960s when the number and length of tunnels started to increase 
considerably in industrialised countries. Usually, these kind of studies are conducted in a model 
scale and exploit the possibility to establish a geometric similarity of the tunnel and a kinematic 
similarity of the flow between model and real scale. Since real scale experiments especially on 
the ventilation in emergencies are costly and limited in scope, experiments in model scale have 
proven to be useful, even though there are limitations due to the partial nature of the physical 
similarity that can be achieved. For example, current guidelines on the estimation of the critical 
velocity are mainly based upon experiments in model scale whose results were combined with 
theoretical considerations afterwards [1; 2; 3].  

In addition to the concept of similarity, the results from model scale should be subject to a 
validation with data from real scale in order to demonstrate that the model can give meaningful 
insight if it is applied in a reasonable way.  

2. MODEL TUNNEL

The model tunnel in question was designed in a preceding research project in a scale of 1:18 
[4; 5]. Numerous modular segments were constructed that allow to model two-lane tunnels with 
typical rectangular or arched profiles and variable slopes. In order to model mechanical 

DOI: 10.3217/978-3-85125-883-7-23
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ventilation systems, working jet fans in different sizes and with adjustable jet velocities were 
constructed. The effect of moving vehicles on the tunnel flow can be included based on a 
modified slot-car system. Since gravitational effects dominate the tunnel flow in emergency 
situations, fire plumes are modeled isothermally based on the preservation of the Froude 
number (section 4.2).  

Multiple series of experiments addressed e. g. the blockage effect of vehicles, the positioning 
of jet fans and the influence of the tunnel slope during normal and emergency situations with 
longitudinal mechanical ventilation. In the end, the tunnel and the preliminary results were seen 
as a “proof of concept” for subsequent investigations.  

A distinguishing feature of the model tunnel is the ability to measure instantaneous and mean 
flow fields by particle-image velocimetry (PIV). PIV is a laser-optical, non-intrusive 
measurement technique whose principle is based on the illumination and tracking of seeding 
particles that are added to the flow. This enables to obtain velocity distributions in the 
measurement plane. The model tunnel is built of transparent plastic to guarantee the optical 
accessibility to conduct 2C (two component)-PIV measurements. The principle of this 
technique is sketched in (Figure 1).  

 
Figure 1: Principle of a 2C-PIV measurement and the subsequent data processing 

3. FIRE EXPERIMENTS DATA (MEMORIAL TUNNEL) 

In order to gain or derive suitable data for validation, literature on real-scale fire tests and 
commissioning tests in tunnels was reviewed. As expected, the number of real-scale tests that 
document the effect of ventilation was quite limited. Most of the tests in research projects were 
performed in structures that are noticeably different from typical road tunnels. In addition, they 
are lacking thorough data on the operation of the ventilation system and its effect on the flow 
field; the latter is true for commissioning tests as well.  

As a result, the well-known tests on fire ventilation in the “Memorial Tunnel” [6] were chosen 
as the single source for validation data. These tests, conducted 1993-1995 in a disused two-lane 
road tunnel of 853 m length, can be considered the most extensive source on the problem at 
hand to this day. Out of the 98 tests in total, 15 tests were performed with longitudinal 
mechanical ventilation that differed mainly in fire size and jet fan activation pattern. Out of 
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these, tests no. 606A and 608 were chosen and modelled both experimentally and numerically. 
This paper addresses the results for test 608.  

The available data for modelling and subsequent comparison comprised the heat release rate, 
jet fan activation patterns, observed smoke propagation and verbal descriptions in test protocols 
as well as flow profiles in the tunnel axis and estimations on the volume flow at several positions 
distributed over the length of the tunnel.  

4. EXPERIMENTAL RESULTS 

 Adaptations in order to model the Memorial Tunnel 
The testing facility offered a free length of approximately 45 m. Considering some clearance 
that was necessary beyond the portals, this allowed for the assembly of the model tunnel with 
a length of 40 m, equivalent to 720 m with respect to the model scale. This restriction required 
the reduction of the real scale tunnel length that could be represented by 133 m (-15 %). 
Therefore, the section downstream of the jet fans between the fire site and the south portal was 
shortened. The slope of 3.2 % was considered by adjusting the supporting frames beneath the 
model tunnel. Its shell was built out of transparent polycarbonate geometrically similar to the 
original horseshoe profile.  

The Memorial Tunnel originally featured a full transverse ventilation system with fan rooms at 
both portals that situated the axial fans above the traffic space. The geometry of these fan rooms 
reduced the tunnel cross-section from a horseshoe profile to a rectangular profile and was 
reproduced in the model tunnel. 

The available data also shows the tunnel flow in uphill direction prior to the test due to 
meteorological effects (wind) and possibly natural convection; in order to include these effects 
a set of computer case fans was assembled and placed in front of the higher north portal that 
was able to generate the corresponding pressure difference. 

Over the course of test 608, 7 out of the 15 installed jet fans were operated. The power supply 
of the model tunnel was limited to provide for jet fans or fan groups at three different 
longitudinal positions. Therefore, only the first half of this test could be simulated (2 minutes 
of natural convection after fuel pan engulfment followed by 12 minutes of forced convection; 
Figure 2). The three jet fans that were operated in different groups during this period were 
placed in the tunnel axis similar to the original test. 

 Analogue Scaling (Froude Scaling) 
For isothermal investigations on fire scenarios, a buoyant helium-air-mixture was injected into 
the model tunnel (Figure 3). Analogue scaling based on the preservation of the Froude number 
was used to correlate the results to real scale [5; 7].  

Test 608 was prepared with fuel pans that were expected to produce a nominal heat release rate 
of approximately 20 MW. According to the test data, the actual heat release rate reached 
3.5 MW during natural convection and ranged from 7 to 19 MW during forced convection 
(tend = 14 min = 840 s).  

Adequate flow rates and compositions of the helium-air-mixture with an equivalent buoyancy 
were derived according to the following steps: 

1. Simplification of the heat release rate by identifying key values that represent the 
development over the course of the test (Figure 2).  
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2. Derivation of suitable smoke flow rates and temperatures for these key values by 
applying the model by Mégret/Vauquelin [8]. Assuming ideal gas conditions, flow 
densities could be deduced from the general gas equation.  

3. Application of analogue scaling for the smoke flow rates. With respect to the model 
scale, the underlying relations equate to:  
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The analogue scaling was applied to the jet fans as well, i. e. the original jet velocity of 34.2 m/s 
was scaled to 8.1 m/s. 

  
Figure 2: Measured heat release rate (left; [2]) and simplified heat release rate used to model the composition and flow rate of 
the helium-air-mixture (right) 

 
Figure 3: Seeding and injection of the helium-air-mixure into the tunnel 

 Comparison of flow profiles 
The 2C-PIV measurements were performed in the tunnel axis at three different positions that 
correspond to the original tests (named Loop 207-209 in [6]). These positions were located 
1,90-2,61 m downstream of the operated jet fans (equivalent to 34-47 m in real scale). Over the 
course of the test, the motion of the tracer particles was recorded with a sample frequency of 
2 Hz. The processed profiles extracted from the velocity distributions show the development of 
the flow (Figure 4). The diagrams therein include the standard deviation so that fluctuations 
due to the inherent turbulent nature and more prominently due to the flow reversal after jet fan 
activation become apparent.  
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Figure 4: Flow profiles in the tunnel axis at 110.5 s, 169 s and 469.5 s compared to the original data at loops 209, 208 and 207 
(original flow velocities scaled to model scale). Model tunnel values were averaged over 3.5 s, equivalent to 15 s in real scale. 
Reading direction of diagrams correspond to flow direction during forced convection (downhill towards south portal).  

At 111 s during natural convection, there is very good agreement at loop 207 closest to the fire 
site, but progressively weaker agreements at the loops uphill. According to the test report, the 
smoke front moved over a distance of almost 300 m within 60 s (from t = 60 s to t = 120 s), 
equivalent to a very fast propagation velocity of approximately 4.5 m/s. However, this is 
possibly an overestimation since there is an offset of 53 s between the fuel pan engulfment as 
referential point in time in the original data and the preceding ignition of the fuel pan when 
smoke started being produced. The implications of this offset are difficult to account for 
whether it be in experiments or simulations.  

At 169 s, 49 s after the activation of three jet fans, flow reversal is imminent. With respect to 
the transient nature of this process, there is convincing agreement between original and 
experimental data at all loops.  

At 469 s, there is a good agreement as well with the exception of loop 208 where the original 
velocities are lower in the upper half. There are two possible reasons for this discrepancy: first, 
assumptions had to be made regarding the longitudinal jet fan positions because they are not 
clearly stated in the report. Second, the report mentions the positioning of test equipment 



- 198 - 
 

11th International Conference ‘Tunnel Safety and Ventilation’ 2022, Graz 
 

upstream of the fire site that partially obstructed the flow. Because they are not disclosed in 
detail, they could not be modelled [cf. 9]. 

5. NUMERICAL RESULTS 

In order to bridge between the original and the experimental results, the tests were modelled 
numerically with the Fire Dynamics Simulator (FDS V6.5.2) both in real scale and model scale. 
Boundary and initial conditions were modelled as closely as possible to the original test and the 
experiments, respectively (e. g., wall roughness, fan thrust, initial flow prior to the test). The 
only exception from that was the length of the real scale model which was reduced to 720 m 
corresponding to the restricted length of the model tunnel (section 4.1). In real scale, a gas 
burner was specified with the heat release rate depicted in Figure 2. In model scale, the injection 
of the helium-air-mixture was identical to the experiments.  

An evaluation of the flow velocities showed that the numerical velocities are rising faster than 
in the original tests (Figure 5). However, the actual discrepancy is hard to determine since the 
temporal resolution in the original data is quite low (1/60 Hz) with an undisclosed averaging 
interval. Another contributing factor to this effect might be that the original jet fans require 
longer start-up times. In addition, the numerical velocities are approximately 10 % higher in 
quasi-stationary conditions both in real scale and model scale. This difference is probably 
mostly due to additional flow losses in the original test related to the test equipment upstream 
of the fire site that could not be modelled.  

 
Figure 5: Comparison of the velocity development at loop 209, Pos. E (z = 4,82 m) - original data vs. scaled numerical data 

The flow profiles generally show the same trends as in the experiments (Figure 6). An additional 
characteristic is that the numerical peak flow velocities tend to be 20-25 % higher. This can be 
attributed to the grid resolution which was derived with the goal to resolve the buoyant plume 
appropriately (cartesian grid with δx = 280 mm in real scale and 15.6 mm in model scale; 
D*/δx ≈ 9.4 for Q̇ = 12.5 MW). While all loops are located at the beginning of the self-similar 
zone of the jet, the momentum is mostly transferred within the mixing zone that is closer to the 
jet fan. In order to realistically resolve the entrainment in this zone that causes the jet to decay 
quickly, a smaller grid size would have been necessary [9]. As a result, the momentum transfer 
is stretched over a longer distance.  
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Figure 6: Comparison of the flow profile at loop 209 at 470 s - original data vs. numerical data in both real scale and model 
scale 

6. CONCLUSION 

Overall, a good agreement with the original data was found in the evaluation of the results, so 
that a successful validation was assumed. This is true for the other points in time that are not 
shown in this paper as well. The results show that it is possible to obtain similar flow 
characteristics applying analogue scaling in fire scenarios including the operation of model jet 
fans.  

Residual discrepancies to the original data were mostly small or moderate and could be 
attributed partially to the limitations of scaled model tests in general as well as to additional 
adaptations that were necessary for these particular tests (section 4.1). Equally important, the 
incomplete documentation of the original experiments and the available scope of data limited 
both the experimental and the numerical model. The spatial and temporal resolution of the 
original data is too low in order to be able to compare transient processes in detail. In addition, 
some ambiguities and discrepancies were found in the original data. These results also 
correspond to the preliminary findings of Ingason/Li who were able to consider details not 
disclosed in the original report; they concluded that there is a level of uncertainty in the data 
that still needs to be fully analysed [10].  
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ABSTRACT 
Increasing demands on a modern public transport infrastructure result in ever more extensive 
and complex projects including long tunnels. This usually also entails increased expenditure on 
rail technology equipment (including control and instrumentation systems and sensors). The 
aim of the overall rail tunnel system must be to ensure that railway operations must be safe, 
punctual and, as far as possible, uninterrupted. Aspects of maintenance, servicing and renewal 
must never be forgotten in this context. 

Emergency exit doors represent an important element in a rail tunnel, especially in the event of 
an incident for people fleeing and seeking for safe areas. It is of great importance and in many 
aspects a great challenge to define reasonable requirements for egress doors with regard to 
statics, serviceability, fire protection, operability, among others. Such requirements are finally 
often associated with compromises. 

Keywords: Egress-door, tunnel-door, emergency exit door, swinging door, double-action 
swinging door, sliding door, railway tunnel, tunnel safety 

1. INTRODUCTION

Modern transport infrastructure is playing an increasingly important role in the area of conflict 
between constantly increasing mobility needs, the associated traffic volume and the fight 
against the global climate crisis. This requires efficient, fast and convenient connections 
between urban areas, coupled with high frequency. Only rail-based systems can provide these 
options to the required extent (e.g. transport capacity) and in accordance with today’s general 
conditions and targets (e.g. reduction of CO2 emissions). 

The existing topography in Central Europe (e.g. the Alpine arc), settlement structures, 
environmental considerations, require underground and tunnel systems to an ever increasing 
extent. In this context, safe operation and, in case of incidents, safe escape of the passengers 
are of eminent importance. Escape routes must be adapted to the tunnel system (e.g. single- or 
double-tube or double-track line) and the external boundary conditions (e.g. topography and 
geology) and can therefore vary considerably. In tunnels, emergency exit doors are an essential 
component to ensure a safe fire protection separation of the different areas such as tunnel, cross 
passage, emergency exit, etc. The long tunnel projects currently under construction in the ÖBB 
network, such as the Semmering Base Tunnel (SBT) and the Koralmtunnel (KAT), as well as 
the transnational Brenner Base Tunnel (BBT), require a large number of such doors. 

In Austria, in a double-tube tunnel system, cross passages are built in general at intervals of 
around 500 m, connecting the two tubes. These not only provide the escape route, but also serve 
technical rooms with various technical equipment like electrical power supply, 
telecommunications, etc. In order to protect these areas from high pressure fluctuations and dust 
loads due to the train service, the aspect of leakage must also be taken into account. 

DOI: 10.3217/978-3-85125-883-7-24
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2. BOUNDARY CONDITIONS / REQUIREMENTS 

Doors let people in, but they also lock them out. They create safety, security, protection against 
weather, wild animals, uninvited guests and much more. Doors have been around since people 
began building shelters of all kinds, for different reasons and with different materials. 
Especially in railroad tunnels of high-performance tracks, the requirements for emergency exit 
doors are multi-layered and diverse in nature. These doors can therefore in no way be described 
as "off-the-shelf product", but are "special units" of great complexity and high quality. 

Requirements for emergency exit doors arise on the one hand from static and dynamic aspects, 
mainly resulting from the pressure effects of fast-moving trains. On the other hand, since they 
also serve as partitions for fire compartments, corresponding fire resistance classes must be 
specified. In order to meet these two requirements, very stable, solid and therefore heavy 
constructions are required. In the interest of easy escape, however, low opening forces are 
defined by standards and regulations. The high door weight in combination with easy usability 
almost automatically results in a motor-assisted or motor-driven door, which on the other hand 
must be equipped with additional safety elements to avoid escaping passengers being crushed 
or pinched. 

In total, this results in a very complex, high-tech component that should be available with a 
high degree of reliability and availability in conjunction with the lowest possible expenses for 
maintenance [1, 2]. 

3. ASPECTS - DECISIONS 
Table 1 provides an overview of possible aspects that influence the project-related decision 
when selecting an emergency exit door. The order in which the topics and keywords are listed 
does not represent a ranking or evaluation, nor does it claim to be complete. 
Table 1: Aspects of emergency exit doors 

General 

 RAMS – Reliability, Availability, Maintainability, Safety 
 Life Cycle Costs (LCC) 
 Live Cycle Management (LCM) 
 Quality - e.g. steel grade, coating thicknesses 
 Pressure-, smoke-, dust-proof 

Type 

 Swinging door 
 Double-action swinging door 
 Sliding door - articulated sliding door, sectional sliding door 
 Special door – e.g. pressure-neutral door, telescopic sliding door 

Structural 
analysis 

 Boundary conditions - e.g. tunnel cross-section, train speed, railway 
system, train split 

 Design – structural- and fatigue safety 
 Durability 

Fire 
 Functional integrity 
 Fire resistance class 
 Heating curve - e.g. unit temperature-time curve 

Geometry 

 Shell geometry, shell clearance 
 Clearance and height 
 Assembly conditions 
 Space requirements for open door 

Operation  Operating and opening elements 
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 Operating and opening forces 
 Labelling, symbols, lighting, colour 
 Safety devices 

SCADA / 
sensors 

 Remote control 
 Status indication 

Tender 
process 

 Type of tender process 
 Prequalification (suitability, selection criteria) 
 Best bidder and quality criteria 
 Validation of required criteria 

 

 Type of doors 
Currently, different types of doors are used by railroad operators in Europe. For example, 
double-action doors are used in Germany and sliding doors in Switzerland. Each type has 
advantages as well as disadvantages, which depend on the specific application and the boundary 
conditions. The basic principle is: keep it as simple as possible. Doors should have as few 
sources of error as possible, but at the same time offer high availability and lower maintenance 
and service costs [6]. 

The ventilation system plays a decisive role in the selection of the door type, because in event 
of an incident, the escape routes must be kept smoke-free. By generating a positive pressure 
gradient between the escape route and the location of the incident, fresh air flows from the 
safety tube into the event tube, avoiding any penetration of smoke into the escape route. 
However, this pressure difference has a big influence on the door opening forces. Especially in 
the case of swing and double-action doors additional components such as overpressure relief 
flaps or mechanical door opening aids are indispensable. 

Last but not least, the geometry of the escape route as well as the installation situation also 
influence the decision as to which door type is finally selected. 

 Aspects of structural analysis 
High speed trains in a railway tunnel cause multiple phenomena and thus also affect the various 
installations in the tunnel. One of them is the piston effect which generates an air flow in the 
tunnel. The other one is the sonic boom at the exit portal, generated by train induced pressure 
waves (Figure 1).  
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Figure 1: Air flow and pressure wave phenoma in a railway tunnel 

It is important to distinguish in which way pressure can be balanced in a tunnel. In the case of 
an emergency exit door, were no pressure balance between inside and outside take place, very 
high-pressure differences occur within milliseconds when a high-speed train enters, passes 
through and exits the tunnel. These pressure differences lead to dynamic loads on the 
emergency exit doors. Figure 2 shows a typical pressure load profile in a tunnel resulting from 
a ÖBB RailJet train. 

 
Figure 2: InSitu measured pressure curve of a double RailJet 

With the help of in-situ measurements in railway tunnels (e.g. Unterinntal, west route) on 
various components (e.g. sole drainage lid, emergency exit doors, telecom cable brackets), the 
loads that actually occur could be determined. The results of these measurements serve as the 
basis for the design of the components and their mounting [8, 9]. 

Using numerical simulations on an idealized model tunnel, the influence of the tunnel length 
(including the reflection of the pressure waves at the portals), the clear cross-section and the 
train speed were examined and subjected to an overall assessment [4]. 
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 Fire resistance 
Every building structure as well as every underground system must be divided into fire 
compartments in order to provide safe areas for escaping persons in the event of an incident. In 
the case of the Koralm Tunnel the two tunnels are connected with cross passages at intervals of 
about 500 m. In case of an incident, passengers can escape from the emergency tube via the 
cross-passages into the opposite safe tube. According to the safety plan fire resistance must be 
provided over a time span of 180 min. This is done by the two wall slabs – including the escape 
doors, which separate the cross passage from both tunnel tubes (Figure 3). 

 
Figure 3: 3D view of a koralmtunnel crosscut / shown in green the emergency exit doors / the clossing on both sides to the 

running tunnels 

The fire classification is based on test criteria which include a temperature-time curve. Since 
various temperature-time curves for such classifications exist, it is essential to select the 
appropriate curve for the specific application. Figure 4 shows various curves widely used for 
different applications in tunnels. The so called RWS curve is sometimes used in road tunnel 
applications while the ISO standard temperature versus time curve (ISO 834 or EN 1991-1-2) 
is often used for ‘standard’ fire testing applications. 

 
Figure 4: Comparison of different temperature-time curves 

 

EBA … temperature versus time curve für mixed traffic (passenger and cargo trains, Germany 
EBM … temperature versus time curve für mixed traffic (passenger and cargo trains, Austria) 
ETK … standard temperature versus time curve  
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In order to be able to select the most appropriate temperature-time curve for the specific project, 
detailed analyses (e.g. CFD simulation with different fire loads, geometries, boundary 
conditions) were carried out e.g. for the Koralm railway line [5]. Figure 5 shows the results 
from a 100 MW (75 MW convective heat) fire event concerning a train stopping very close to 
cross passage door.  

 
Figure 5: CFD simulation - 75 MW HRR after 600 sec. 

From the results in connection with existing technical literature, it was concluded that the 
application of the unit temperature versus time curve is sufficient and correct in this case. 

 Clearance of the passageway 
It is very important to provide sufficiently dimensioned passageways. The dimensions of the 
cross section of the passageways was determined with the help of egress simulations. The 
critical input parameters are the type of trains and the associated maximum number of escaping 
passengers (Double RailJet - approx. 1,000 persons), the width of the escape route in the tunnel 
(pavement width for the KAT is between 1.8 and 2.1 m), the stop position of the train in the 
tunnel (directly in front of a cross- passage or between two cross-passages) and the escape route 
length (distance between two cross-passages). For the KAT, the following minimum clearance 
of the passageways through the door were obtained (see table 2). 

Table 2: Emergency exit doors - clearance of the passageway 

location type of door clear width clear height 

outside the emergency stop 
escape routes every 500 m sliding door 1.6 m 

2.2 m 
within the emergency stop 
escape routes every 50 m sectional sliding door 1.4 m 
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 Opening force 
To ensure that the emergency exit door can also be opened easily by physically impaired 
persons, children, etc. in the event of an incident, the corresponding maximum opening forces 
(100 Newton) must be observed. The doors are intended to be used for a period of at least 30 to 
50 years (depending on train frequency and train mix). During this period, soiling and abrasion 
occur, which leads to an increase in the opening forces over the service life. Therefore, it makes 
sense to define a lower limit value (e.g. 80 N) for the new egress door. By mechanizing the 
door, which can be achieved by e.g. completely motorized opening and closing process, the 
maximum opening forces can be guaranteed over the life cycle of the door. However, in the 
case of mechanized doors, it is necessary to take measures against crushing, shearing, impact 
and retraction. 

4. TENDER PROCESS 
In order to ensure that the desired product can be produced, delivered and installed on time in 
the required quality, sufficient time for tests must be calculated already for the tendering and 
contract awarding process. 

Since large projects such as the Koralmtunnel require a large number of emergency exit doors 
(approx. 200 pieces), order and production delays can take on proportions that jeopardize the 
entire project process. 

An EU-wide published multi-stage award procedure with the stages - Prequalification, Bidding, 
Negotiation and Clarification, Last and Final/Best Offer - offers the best chances of obtaining 
the defined product in terms of quality as well as price.  

However, it must not be forgotten that a large number of accompanying services, supplies and 
construction work are still required and that these costs must not be forgotten in the project 
budget. 

In this connection it must be mentioned that suppliers of suitable emergency exit doors can be 
found only in very limited numbers in Europe. 

5. REALISTIC STEADY-LOAD TEST 
Commissioning the planned, designed and finally built emergency exit door is an essential 
point. Above all, the checks should be carried out under boundary conditions that are as close 
to reality as possible. 

A very special issue is the steady-load test, which is necessary to simulate the dynamic pressure 
effects caused by fast-moving trains in the railway tunnel. In Switzerland and Germany, a test 
procedure was established at testing institutes in which the pressure load is applied to the door 
by means of air.  

However, since the real load changes occur in fractions of a second and not in seconds, this 
method was discarded for the Koralm tunnel project. It has been replaced by a more realistic 
process utilizing a servo-hydraulic load-controlled loading device simulating the pressure 
waves. Figure 6 depicts the pressure load in the Wienerwald Tunnel as a result of a train passing 
through. 
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Figure 6: Pressure curve impact analogies (x-axis = time [sec]; y-axis = pressure load [Pa]) 

In order to uniform the load on the door leaf, an appropriately designed load transmission 
construction is essential. 

 
Figure 7: Test set up: concrete frame, sliding door, load transmission construction (servo-hydraulic testing device) 

For the testing of the different types of emergency exit doors for the Koralmtunnel, a special 
test arrangement was developed, evaluated and extensively tested for its practical suitability. 
The test results were in line with the objectives [3, 7]. Figure 7 shows the load transmission 
equipment for the tests. 

+2000 

-2000 
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6. SUMMARY AND CONCLUSION 

This paper is intended to provide an overview of the different aspects that can influence 
decisions regarding emergency exit doors in a railway tunnel. Every decision is in the most 
cases a compromise and depends on the particular boundary conditions of the project and can 
vary from project to project. 

It is important to rank and weight the different aspects and thus to make the decision-making 
process comprehensible and transparent for third parties and outsiders. A good basis for a 
profound decision-making process can be an overall project assessment that begins at a very 
early stage of the project. In this context, a building information modelling (BIM) process can 
make an important contribution. 
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RECOMMENDATIONS TOWARDS THE STANDARDIZATION OF THE 
VENTILATION EQUIPMENT IN ROAD TUNNELS 

1Justo Suárez 
1INGENIERIC, ES 

ABSTRACT 
The road tunnel safety regulations specify the requirements of the ventilation system to achieve 
an acceptable level of risk in the tunnel, but they do not provide specific guidelines about the 
standardization of the equipment to be installed. This is an important point that must be taken 
into account to reduce the life cycle cost of the ventilation equipment throughout its lifetime, 
improving its maintainability, compatibility and integration with other systems. The present 
paper summarizes the outcome document, recently released by the Spanish National Committee 
of PIARC, assessing minimum requirements and recommendations towards the standardization 
of the ventilation equipment in road tunnels and the advantages linked to this standardization.  

Keywords: Standardization, Ventilation Equipment, Maintenance, Integration, Life Cycle Cost. 

1. INTRODUCTION

The safety requirements in road tunnels have been significantly increased in the latest years. 
The directives, laws and regulations that rule safety in tunnels have been focused in specifying 
the safety levels that must be guaranteed, as well as the systems that are needed to be installed 
to achieve these levels. However, they do not embrace other important matters related to the 
standardization of the equipment, its maintainability, compatibility and integration with other 
systems. These issues must also be considered to ensure a reliable performance of the 
equipment along its operational life, paying especial attention to the aggressive environment 
existing in most of the road tunnels. 

Taking into account the above considerations, the Spanish Tunnel Committee of PIARC 
decided to set up several “standardization” Working Groups, each one focused on a different 
tunnel system. The objective of these WGs is to develop documents with baseline 
recommendations about the functional characteristics and the requested values that should be 
specified for each electro-mechanical equipment to be installed in the tunnel. 

Among all different electro-mechanical systems in road tunnels, the ventilation is probably the 
most critical one to guarantee the safety and comfort of the users. In addition, the ventilation 
system takes up a substantial part of the total investment in tunnel installations, it has a 
significant energy consumption during normal tunnel operations and it also takes most of the 
budget and resources assigned for equipment maintenance. 

2. DOCUMENT ON STANDARDIZATION OF VENTILATION EQUIPMENT

Considerations for standardization assessment 
Under the coverage of the ATC (Spanish Tunnel Committee of PIARC), a Working Group for 
standardization of ventilation equipment in road tunnels was established in October 2018. The 
WG included 26 professionals from 17 different companies and organizations involved in the 
tunnel industry. The objective of the Working Group was to develop a useful and practical 
guideline document with recommendations towards the standardization of the ventilation 
equipment [1]. 

DOI: 10.3217/978-3-85125-883-7-25
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To facilitate the standardization assessment, the ventilation machinery was classified in four 
main categories according to its functionality, with different types of equipment in each 
category, as shown in figure 1. 

 
Figure 1: Ventilation equipment classification 

Following this classification, the most important technical characteristics of each type of 
equipment were analysed and recommended values were defined to guarantee its functionality 
and its durability in the tunnel environment. Some technical characteristics were equally 
relevant to all the types of equipment on the same category, while others were applicable only 
to one type of equipment. As an example, the corrosion resistance has been assessed for all the 
equipment to class C5 according to ISO 12944 [2], as this is the most predictable environment 
inside the tunnels. 

Tunnel fans were the machinery with more possibilities for being standardized. Over sixty 
technical characteristics were identified and assessed for their standardization, providing 
suitable values and recommendations. These characteristics were gathered in the following 
areas (between brackets the number of characteristics subjected to standardization in each area): 

1. Electric motor parameters (12) 
2. Devices for control and monitoring (6) 
3. Junction boxes for power supply and signals (7) 
4. Power supply cables (3) 
5. Aerodynamic performance (5) 
6. Impeller balancing (3) 
7. Sound level (2) 
8. High temperature resistance (2) 
9. Corrosion protection (1) 

10. Quality of materials (3) 
11. Fan types (12) 
12. Installation in tunnel (9) 

Regarding tunnel dampers were identified the following areas where several characteristics 
were assessed for standardization: 

1. Installation in tunnel (3) 
2. Typology, size, and modules (6) 
3. Aerodynamic performance (4) 
4. Actuators and operating system (17) 
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5. High temperature resistance (4) 
6. Corrosion protection and quality of materials (9) 

With respect to electrical panels the use of variable speed drives (VSD) was recommended to 
start-up and control the tunnel fans. VSDs provide a smooth start-up of the motor and reduce 
the power consumption by adjusting the rotational speed of the fan to the requested ventilation 
performance at each moment, as a result, significant savings in electric power consumption are 
achieved. VSDs can also control the electrical parameters and the signals from the fan. Soft 
starters were proposed as a lower cost alternative to VSDs. The use of direct on line starting for 
the fans was rejected.  

Regarding environmental sensors, different technologies were assessed and minimum technical 
requirements were defined. 

 Engagement of the stakeholders 
The standardization of the ventilation equipment is a joint task that should involve all 
stakeholders of the tunnel project. These are some recommendations to be followed for 
achieving a certain level of standardization on the equipment. 

 Consultants and designers: During the design stage of the ventilation system, standardization 
criteria should be used to specify the equipment, for example minimizing the number of 
different models for the same type of equipment, especially in the case of fans. 

 Contractors: During project execution the standardization criteria used at the design stage 
must be maintained, avoiding changes based exclusively in economic considerations. 
Standardization principles shall also be followed for any project requirement that has not 
been clearly defined in the design, such as possible additional accessories on the main 
equipment.  

 Equipment manufacturers: All units of equipment of the same type must be manufactured 
with consistency in their uniformity. Manufacturers must facilitate the interchangeability of 
spare parts for similar types of equipment. In addition, the availability of spare parts must be 
ensured throughout the lifetime of the equipment. It is advisable that equipment 
manufacturers take an active role with proposals that could improve the standardization. 

 Maintenance Teams: The maintenance of the equipment must be carried out by qualified 
personnel, using recommended original spare parts. The level of standardization of the 
installed equipment must be kept along all its lifetime, avoiding replacement of parts or 
components that can generate exceptions or singularities. 

 Tunnel owners: They are the ones who should promote and demand standardized ventilation 
equipment, taking advantage of all the related benefits, optimizing the tunnel management 
and reducing costs. 

3. ADVANTAGES OF THE VENTILATION EQUIPMENT STANDARDIZATION 

 Maintenance optimization 
Maintenance of the tunnel installations ensures the durability and good performance of the 
equipment over the years. There are two types of maintenance to be considered: 

 Preventive (planned) maintenance. It is related to routine activities carried out on the 
equipment to guarantee the reliability during all its lifetime. 
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 Corrective maintenance. It includes all those activities that are carried out to set back in 
operation any equipment that has been damaged. This type of maintenance is carried out as 
a matter of urgency because the detection of any anomaly or dysfunction in the equipment 
or installation may affect to the tunnel safety. 

The standardization of the ventilation equipment optimizes both types of maintenance 
activities. The standardization must be oriented to increase the quality of the equipment to be 
standardized. Following this principle, the installation of standardized equipment with higher 
quality will result in less maintenance requirements and the implementation of more effective 
maintenance procedures. Furthermore, a standardized ventilation equipment reduces the 
quantity and variety of spare parts that must be kept in stock to face any replacement during 
maintenance. Corrective maintenance activities are also reduced as the installation of higher 
quality equipment leads to lower rate of failures. 

On the other hand, equipment standardization also leads to a “Maintenance Standardization”. 
A reliable maintenance programme can be scheduled based on standardized equipment 
parameters that have been previously assessed. The periodicity of preventive maintenance can 
be adjusted to the real equipment conditions, avoiding unnecessary stoppages on the tunnel.  

Ventilation equipment with highly standardized characteristics will simplify the maintenance 
training. Equipment from different manufacturers will be subjected to uniform maintenance 
training courses as their characteristics will be the same. 

 Streamlined technical specifications 
Each tunnel project requires a bespoke design of its ventilation system, and the ventilation 
equipment specifications are based on that design. Most of the times, the ventilation equipment 
is selected according to one of these practices: 

 Brief and general specifications. They are outlined by the designer of the tunnel ventilation 
system, leaving technical details of the equipment to relevant regulations (PIARC guidelines, 
handbooks, …) and ultimately to the Contractor. Any lack of definition is usually solved 
based on economic criteria. In the absence of a design obligation, the cheapest option is 
usually chosen. 

 Very detailed specifications. They are included as part of the ventilation design. This 
generates an additional workload in the design phase. The result is often a very rigid 
specifications that complicates their practical implementation in the tunnel. Once the design 
has been approved, it is very difficult to implements any modification, if it would be needed. 
The equipment specifications must satisfy the design criteria and be suitable for the tunnel 
conditions but taking especial care that the technical requirements of the equipment are not 
oversized. 

A reference document providing recommended standardized values for the main equipment 
characteristics could be a useful tool to assist the ventilation designers in the task of issuing 
consistent equipment specifications. It would also avoid equipment selection based on lowest 
price criteria and barely compliance options, due to unspecified ventilation equipment 
characteristics.  

 Constructability and durability 
Standardized ventilation equipment allows simple installation procedures and methods of 
statement, saving time for installation and on-site testing and reducing their related costs. 
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The equipment standardization shall facilitate the onsite constructability of the ventilation 
system under severe space restrictions. It should also be considered to keep enough space 
around the equipment for installation and maintenance activities, as well as possible 
replacements of the equipment or some parts during its operational life.  

The parameters related to durability of the ventilation equipment has been standardized to 
withstand the harsh tunnel conditions. 

 Compatibility and integration with other systems  
The ventilation is one of the most critical systems in the tunnels, therefore it must be compatible 
and perfectly integrated with other systems.  

The interface between the ventilation equipment and the ventilation control system must be fail-
safe to guarantee the reliability of the whole system and the tunnel safety. 

The signals to be provided by the ventilation equipment to the control system must be 
standardized, as well as the protocols of communication between the local control panels and 
the control system. Clear mapping of the signals to be managed must be defined on the 
ventilation design.  

The ventilation control system must collect and record updated data coming from the ventilation 
equipment (tunnel fans, dampers, electric panels and sensors) being some of these data the input 
signals for the ventilation algorithms. Data collection should be made according to pre-defined 
sampling times. It is recommended a statistic analysis of these data, as they can provide valuable 
information about equipment performance, optimising its maintenance and extending its 
operative lifetime. 

 Improvements in Life Cycle Cost Analysis 
The directives of the European Union and the Administrations of many countries have been 
paying attention, since years ago, to the economic cost of infrastructures construction, 
maintenance and operation throughout their lifetime. In this sense, the European Union 
Directive 2014/24/EU on public procurement [3] and other national regulations stimulate or 
directly dictate to consider the Life Cycle Cost as a key factor for awarding public contracts. 

Life Cycle Cost (LCC) is defined as the total cost of ownership related to acquisition, operation 
and maintenance over the life of the infrastructure system and is the actual cost that the buying 
organization will have to bear during the years that the system will be in operation. For most 
electro-mechanical systems maintenance costs increase over time, while the residual value of 
installed equipment decreases. Infrastructure owners must ensure that their total cost of 
ownership is as low as possible. 

The figure 2 shows a typical example of how is divided the total life cycle cost of a ventilation 
system considering a lifetime of 25 years. The operational cost, mainly the electricity 
consumption, is the highest one, followed by the acquisition and maintenance costs, being 
marginal the resell value. 
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Figure 2: Typical LCC share for a Tunnel Ventilation Project 

The acquisition costs are easy to calculate as they are directly related to the purchasing price of 
the ventilation equipment. In most of the cases the standardization upgrades the technical 
characteristics of the ventilation equipment increasing its acquisition cost, in any case, this 
negative consequence is compensated by the reduction of the other costs. One example could 
be the recommendation for using variable speed drives to operate the fans: the purchase of these 
devices increases the acquisition cost but the savings in power consumption reduces 
significantly the operational cost and therefore, the life cycle cost of the ventilation system is 
significantly lower. 

The operational cost involves all the expenses needed for the operation of the ventilation 
system. Among all these expenses the electricity consumption is by far the highest one. The 
standardization must be oriented towards the use of higher efficiency equipment, setting a 
minimum rate of output performance per kilowatt. 

The maintenance costs are the ones more directly related to the equipment standardization. An 
important drawback to get a reliable LCC analysis is how to estimate realistic costs of 
preventive and corrective maintenance. These costs are the most uncertain ones, as the 
preventive maintenance depends on manufacturer's recommendations and the corrective 
maintenance on the MTBF (Mean Time Between Failures) of the equipment, also to be 
provided by the manufacturer.  

Although the equipment has to comply with mandatory technical specifications, there are many 
parameters that are subjected to the manufacturer criteria, therefore the maintenance 
requirements cannot be fairly assessed and subsequently the level of uncertainty on its 
associated costs is very high. Similar situation occurs on the MTBF, which also rely on 
manufacturer's information. On the contrary, when the main parameters of the ventilation 
equipment have been standardized, the maintenance requirements can be established according 
to uniform criteria for all the manufacturers. 

To illustrate the positive impact of the equipment standardization and the use of VSDs on the 
LCC a case study of a motorway tunnel with longitudinal ventilation system has been assessed. 
The LCC analysis was made for 32 jet fans during 25 years of operational life and considering 
two different scenarios:  

 with standardization and using VSD.  
 without standardization and direct on line starting.  

The inputs for the calculations were based on rough estimates and cost assumptions. The results 
are shown in figure 3.  
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Figure 3: Example LCC of Tunnel Ventilation Equipment (25 years) 

4. SUMMARY AND CONCLUSIONS 

It has been noted the necessity of improving the standardization of the electro-mechanical 
equipment installed in road tunnels, being the ventilation one of the systems with more 
possibilities to be standardized. In this regard, a guideline document with recommendations 
towards the standardization of the ventilation equipment has been prepared by a Working Group 
under the Spanish Tunnel Committee of PIARC. The equipment standardization is a joint task 
that must involve all the stakeholders in a road tunnel project. The common goal must be to 
achieve a maximum level of standardization not only in a single tunnel, but also among all the 
tunnels in a road network. 

The standardization of the ventilation equipment improves the constructability, durability of 
the whole ventilation system and its integration with other systems. It improves and facilitates 
the development of technical specifications for ventilation systems at the design stage of a road 
tunnel project. Furthermore, if the main technical characteristics of the ventilation equipment 
are standardized, the task and periodicity of the maintenance activities can be adjusted to the 
real needs of the equipment. This leads to a cost-cutting on the budget assigned to maintenance 
and a significant reduction on the life cycle cost of the equipment. 
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ON THE RISK OF A PRESSURE VESSEL EXPLOSION INSIDE ROAD 
TUNNELS 

Jonatan Gehandler, Chen Huang, Ying Zhen Li & Anders Lönnermark 

RISE Research Institutes of Sweden, SE 

ABSTRACT 
Biogas and hydrogen are two renewable fuels that are needed in a transition from fossil fuels. 
Biogas and hydrogen tanks are equipped with a melt fuse that should release in the event of 
fire. However, on a few occasions, both nationally and internationally, the tank failed and the 
high pressure compressed gas was released instantaneously causing a pressure vessel explosion. 
If the explosion occurs inside a tunnel, the problems related to the pressure wave will be even 
more challenging, so the question whether the rescue service should be allowed to enter the 
tunnel has been raised, in particular with regards to the risk of hearing impairment. The Swedish 
civil contingency agency (MSB) takes such a stance. However, there are many uncertainties 
and assumptions that lead to such a decision that may need to be further discussed. It is argued 
that the limit value of 200 Pa is too low for such short and rare source of noise that a pressure 
vessel explosion is, and that such a decision also must consider the low likelihood of 
occurrence. A distinction should be made between pressure limits that has an immediate 
damaging effect and those which causes hearing damages from long-term exposure. 

Keywords: CNG, biogas, hydrogen, pressure vessel explosion, tunnel, safety distance, 
firefighting, rescue service. 

1. INTRODUCTION

Biogas and hydrogen are two fuels that are needed in a decreased use of fossil fuels, transition 
towards cleaner fuels, and lowered green-house gas emissions. These vehicle fuel tanks are 
equipped with a melt-fuse, a thermally activated pressure relief device (TPRD), that should 
release the gas in the event of fire before a pressure vessel explosion occurs. However, a 
pressure vessel explosion in the event of fire has occurred twice in Sweden, and several times 
internationally. The reason that often have been put forward is a local fire that does not heat the 
TPRD, or that extinguishing media cool the TPRD. RISE have been investigating CNG tanks 
exposed to local fire exposure [1] and extinguishing [2] in field experiments. 

The Swedish civil contingency agency, MSB, are considering to recommend very strict 
measures for rescue service interventions of gas vehicles in road tunnels in a future guideline. 
This is mainly due to the risk of hearing impairment in the event of pressure vessel explosion, 
by which the entire tunnel tube is considered a "prohibited area", regardless of tunnel length if 
there is a risk of a pressure vessel explosion. In the event of a tunnel incident, this decision 
would be taken by the local rescue leader as soon as a gas vehicle is confirmed on fire. This is 
of great importance to the Swedish Transport Administration, as a rescue intervention is part of 
the tunnel safety concept. MSB bases its conclusions on work carried out at Lund University 
[3]. The purpose of this paper is to explore the reasonableness of MSB's future 
recommendations regarding requirements for rescue operations in tunnels with gas vehicles. In 
particular, the following factors will be analyzed.  

 How likely a CNG or hydrogen pressure vessel explosion is.
 How a pressure wave propagates in a tunnel, considering vehicle and tunnel

characteristics.
 Pressure magnitude limits used in literature.

DOI: 10.3217/978-3-85125-883-7-26
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 An occupational health perspective for firefighters’ hearing. 
 A decision and risk theory perspective. 

2. REVIEW 

 The risk for a pressure vessel explosion in the event of fire 
As was stated in the introduction, RISE have investigated whether a local fire exposure and 
extinguishing can cause a pressure vessel explosion. In total 15 field experiments were 
conducted, either with a local fire source [1] (see left hand of Figure 1) or extinguishing with 
water [2] (see right hand side of Figure 1). 

Figure 1. Left: small fire pan (i.e. local fire exposure) below CNG steel tank. Right: application of water onto CNG 
composite tank with widespread fire pan below the tank. (Photo: RISE) 

Only one of the 15 tests led to a pressure vessel explosion; a CNG composite tank filled to 150 
bar that was exposed to the local fire exploded after 20 min, see Figure 2. While application of 
water was efficient at cooling the TPRD and thus put it out of operation, the water also cools 
the tank and for the different types of tanks that were tested, this did not lead to a tank rupture. 
Water was applied for 20 min. The tests show that it is difficult to create the necessary 
conditions to reach a pressure vessel explosion. In many real situations, fires will only result in 
a local exposure for a limited period of time, and application of water will often result in that 
the fire is extinguished. Despite, as was stated in the introduction, a pressure vessel explosion 
in the event of fire has occurred, e.g., twice in Sweden during the last 20 years during which 
Sweden has had about 50000 CNG vehicles [2]. 

 
Figure 2. A pressure vessel explosion.  

 Pressure wave propagation 
The pressure wave propagation is commonly studied using empirical methods and numerical 
simulations. Baker et al. [4] has developed a methodology for evaluating physical bursting of a 



- 219 - 
 

11th International Conference ‘Tunnel Safety and Ventilation’ 2022, Graz 
 

sphere in the free space using data fitting from numerical calculation, comparing with 
measurement, and solving one-dimensional shock wave equation together with blast scaling 
law. By specifying the initial tank volume and pressure, tables can be looked up, and the tank 
rupture explosion overpressure versus distance can be obtained. For example, Molkov and 
Kashkarov [5] applied the empirical method developed by Baker et al. for estimating pressure 
wave correlations for a stand-alone hydrogen tank rupture. It is possible to apply Baker et al’s 
empirical method to tunnel condition by introducing a factor for considering the congestion of 
the tunnel geometry. It is then important to be aware of the uncertainty of this factor of 
congestion. 

More efforts have been focused on applying detailed 1-dimensional (1-D) and 3-dimentional 
(3D) numerical tools for estimating consequences of a pressure vessel explosion. Li [6] 
developed an in-house 1-D code for simulating gas tank ruptures in tunnels. Runefors [3] used 
a commercial 3-D Computational Fluid Dynamics (CFD) code to do similar tasks, and found 
that the differences in explosion overpressure at different distances were within 10% between 
the results and Li’s work [6]. A correlation for blast wave decay after hydrogen tank rupture in 
a tunnel fire was obtained by performing CFD simulations involving turbulence and combustion 
[7]. CFD simulations using a simplified method [8] by ignoring turbulence and combustion 
with substantial lower computational cost, was also performed using an open-source code 
OpenFOAM for the same tunnel geometry and scenario as in [7]. The simplified method 
showed quantitative agreement with RISE CNG tank rupture experiment [1]. An explicit 
dynamic code Autodyn was also used to simulate tank rupture at ro-ro space, which is similar 
to tunnel conditions [9]. Assumption of an analogy between gas tank rupture and TNT 
explosion was taken although this needs further verification. 

As an example of the pressure wave propagation from a pressure vessel explosion, a single-lane 
tunnel with a width and height of 5.5 m and 4.5 m, respectively, and a length of 150 m is used. 
Figure 3 shows a comparison between the calculated explosion overpressures versus distance 
by Ulster [7] and RISE [8] for an 86 L tank filled with 700 bars hydrogen. The tank is exposed 
to fire so that the temperature increase to 395 K and 945 bar pressure at the time of tank rupture 
(the plastic is burnt away so that the composite lose its strength). It is worth noting that in the 
work of Ulster, 11% of chemical energy from burning of hydrogen is included in the simulation, 
whereas only the physical tank burst is simulated in the RISE model. Such difference in the 
model results in a lower overpressure at far-field, i.e., 30 m from the tank centre but reasonable 
agreement with Ulster’s simulation results in the near-field. The far field difference is likely 
attributed to the combustion of the hydrogen. The discontinuity of the fourth sampling point in 
the figure is due to that the RISE 3D CFD model considers the detailed tunnel geometry, and 
that the pressure waves are interacted and magnified close to the ceiling of the tunnel at about 
4 m distance and tunnel height. 
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Figure 3. The pressure wave propagation along a tunnel following a pressure vessel explosion. 

It is known that the pressure wave from a pressure vessel explosion decreases along the tunnel. 
The pressure wave may also decrease with number of objects in the tunnel. Therefore, simulated 
pressures without objects tends to be conservative compared to reality. 

 Pressure wave impact on firefighters 
Different injury criteria are used by different organizations depending on the damage level on 
humans and on buildings. Pressure-impulse diagrams are commonly used for specifying the 
damage criteria for buildings based on experience gained during the second world war [4]. Here, 
we focus exclusively on the damage level of humans. The Swedish Civil Contingencies Agency 
(MSB) accepts a maximum pressure wave of 200 Pa to avoid hearing impairment [3]. This 
corresponds to a sound pressure level (SPL) of 140 dB, which is comparable to the 135 dB, 
which is level that is allowed by the Swedish Work Environment Authority as the peak value.1. 
Overpressures of 13.8 kPa, 34.5 – 48.3 kPa, and 137.9 – 172.4 kPa were proposed by Jeffries 
et al. [10] as thresholds for temporary loss of hearing, 50% probability of eardrum rupture and 
50% fatality from lung hemorrhage, respectively. Similar values were found in Ref. [11] with 
thresholds for 50% probability of eardrum rupture and 50% fatality from lung hemorrhage 
being 43.5 kPa and 140 kPa, respectively. 

It is clear that a very conservative limit (200 Pa corresponding to 140 dB) is used by MSB, 
compared to other limit values found in literature. It is argued that for rare explosions that last 
for less than one second, higher values (e.g., 13.8 kPa) recommended in other papers may be 
more appropriate. This would for instance yield a safety distance in the order of 50 – 100 m in 
Runefors’ [2] simulations, instead of that the whole tunnel is prohibited area. 

 An occupation health perspective 
An initial literature search about hearing protection for firefighters shows that firemen have an 
apparent risk of hearing disorder. This is mainly attributed to high noise-levels in their daily 
work environment such as the siren in the fire truck and noise from equipment, e.g., water 
pumps. The literature search could not find other, more rare events such as pressure vessel 
explosions to be a reason for hearing disorder among firemen [e.g., 12]. At the same time, it is 
clear that more could be done to improve firefighter’s hearing health, e.g., through the use of 
hearing protection devices (HPD) that are integrated with the radio and helmet, and through 
programmes that monitor and limit exposure to noise. 

It appears that hearing impairment indeed is an occupational health issue for firefighters, 
however, the main contributors, according to literature, are from ordinary noise sources rather 
than extreme events such as explosions. 

 A decision and risk theory perspective 
If we, as most philosophers, would believe the Scottish philosopher David Hume (1711–1776), 
we cannot derive an ought from an is. The level of safety, e.g., for firefighters during 
intervention inside a tunnel, is a normative question. Such issues are studied within normative 
ethics and there are primarily two ethical thought patterns that are used to justify decisions, 
namely, deontology and utilitarianism [13]. 

Within deontological ethics the core idea is that there are certain rules or duties which must not 
be violated, regardless of the consequences of adhering to these rules or duties. At least these 
consequences play a subordinate role. For instance, an authority could claim that firemen should 

                                                 
1 https://www.av.se/halsa-och-sakerhet/buller/krav-vid-olika-bullernivaer/ 
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not be exposed to noise levels above 200 Pa. A strict adherence to a deontological principle, 
may ultimately lead to the banning of all risky activities, and may infringe on the same values 
set out to be protected, which may cause more risks than it could possibly prevent [13]. 

Utilitarianism is about specifying the advantages and disadvantages of each alternative and 
choosing the alternative with the greatest net advantage. Another way to phrase this is to 
maximize the utility. Thus, one can argue that enough safety is achieved if the overall utility is 
maximized [13]. Most decision theories are based on the idea that the choice depends on the 
probabilities of various consequences and their utility, or value, to the decision-maker. Risk is 
most often understood as a combination of consequences and probability. A utilitarian approach 
highlights, not only the consequences side of risk, but also the probabilistic side of risk. 

Based on these two thought patterns, the soundness of decisions can be debated. If one would, 
for example, require that firefighters under no circumstances should be exposed to noise levels 
above 200 Pa, this would, for instance, require that they could not go near burning trucks (truck 
tires can explode in the event of fire resulting pressures in the order of 5 kPa [8]), and most 
likely no fires at all since most vehicles and facilities contain pressure vessels of various kinds, 
that may explode. It appears that a strict adherence to the deontological limit 200 Pa for the 
firefighting profession seem unrealistic. Thus, a utilitarian basis for such decisions seems more 
plausible, this would give weight to the very low likelihood of occurrence of a tank rupture (in 
Sweden, once per year and 500 000 CNG vehicles and much less probable inside tunnels). 
Besides, an intervention whereby the fire is extinguished (with or without fixed firefighting 
systems) lowers the risk further. This decision, whether an intervention is worth the risk, is 
made at each incident scene by the rescue leader, and in rescue service guidelines by the MSB. 

3. SUMMARY AND CONCLUSION 

This paper presents preliminary investigations of the risk to firefighters from a pressure vessel 
explosion inside a tunnel. This is analyzed from five perspectives:  

 How likely a CNG or hydrogen pressure vessel explosion is. 
 How a pressure wave propagates in a tunnel, considering vehicle and tunnel 

characteristics. 
 Pressure magnitude limits used in literature. 
 An occupational health perspective for firefighters’ hearing. 
 A decision and risk theory perspective. 

It is argued that the low likelihood of occurrence is an important risk-reducing factor, in 
particular in the event of sprinkler activation or manual fire extinguishing, which further lowers 
the risk of a pressure vessel explosion. There are many assumptions and uncertainties in 
pressure wave propagation simulations inside tunnels and real experimental data are lacking. It 
is argued that a pressure limit for this type of event should be in the order of 10-20 kPa, and 
that this event has little to do with an occupational health perspective which concerns ordinary 
noise sources such as siren and equipment. If firefighters would not be allowed to be exposed 
to higher pressure waves than 200 Pa, it would be difficult to perform the profession of 
firefighting. A distinction is necessary between pressure levels that has an immediate damaging 
effect and those which causes hearing damage with long-term exposure. At the same time, more 
could be done to improve firefighters’ hearing, e.g., the use of HPD and programmes to monitor 
and limit noise exposure. 
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DETERMINATION OF AERODYNAMIC LOADS IN RAIL TUNNELS 
USING MEASUREMENTS 
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2GRUNER GmbH Ingenieure und Planer, Austria 
ABSTRACT 
When a train passes through a tunnel, pressure variations are generated which propagate along 
the tunnel at sonic speed and are reflected back at portals into the tunnel. These pressure varia-
tions may cause aural discomfort or, in the worst case, aural damage to train passengers and 
train staff and will produce transient loads on the structure of trains and the infrastructure com-
ponents. [4]  
To define a clear interface between the subsystems of rolling stock and infrastructure, the train-
induced aerodynamic pressure variations inside tunnels need to be known and limited. In order 
to specify and to limit the train-induced aerodynamic pressure variations inside tunnels, refer-
ence cases for rolling stock assessment are defined. [4]  
The increase of the speed limit up to more than 200 km/h for trains of VR Group (Finland) on 
coastal line (between Helsinki and Turku) in the unrestricted mixed rail-traffic operation re-
quired analyses and measurements regarding possible pressure loads. In this process, the rele-
vant aerodynamic properties of the rolling stock are determined based on full-scale tests and 
compared with the directives of TSI and national directives.  
This paper describes the test procedure with sophisticated in-house developed pressure meas-
urement device. The difficulties of pressure measurement using differential pressure sensors 
especially for this application is pointed out and a new solution is shown.  
Keywords: TSI, aerodynamic loads, rail tunnel, train-tunnel pressure signature, pressure meas-
urements 

1. INTRODUCTION
When a train passes through a tunnel, pressure waves at sonic speed are propagated in the tun-
nel. The compression wave (frontal wave) generated currently the train enters the tunnel is re-
flected at the opposite portal as an expansion wave. Just when the train tail enters the tunnel, an 
expansion wave (rear wave) is generated and reflected at the portal as compression wave. Due 
to unfavourable superposition of waves the pressure amplitude increases, which effects high 
loads on tunnel equipment and built in components.  
However, a small part of the compression wave exit the tunnel and radiates outside, in the form 
of an impulse-like micro-pressure wave. This can create a booming noise and causes noise 
pollution in a wide area around the tunnel exit.  
Furthermore, pressure variations affects aural pressure comfort for passengers and staff in trains 
and in worst case, they can cause permanent health damages.  
Pressure variations are described by means of the gauge pressure, p(t), measured in time and 
referenced to atmospheric pressure. The external pressure, pe, usually denotes the pressure out-
side a train, or equally inside a tunnel. The internal pressure, pi, usually denotes the pressure 
inside the train or generally in any enclosed air volume that is present in the tunnel system. The 
internal pressure responds to the external pressure and is dependent on the pressure sealing of 
the train or generally any structure that separates its internal volume from the external environ-
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ment. In order to assess the effects at the surface between the external and internal environ-
ments, the pressure difference pd is determined. This pressure difference is one source of struc-
ture loading. [4] 
With regard to aerodynamics, a train have to fulfil the required characteristic pressure changes 
for a given combination (reference case) of train speed and tunnel cross-section. The assump-
tion is that a single train passes through a standard, straight tubular tunnel (without shafts etc.). 
Since full-scale measuring of every combination is not possible, calculation results with vali-
dated simulation models are accepted. The model building and validation bases on measured 
pressure curves. The possible procedure of measuring the pressure curve is described below.  

2. IMPORTANT GUIDELINES 
2.1. Technical specifications for the interoperability (TSI) 
The European Commission has passed technical specifications for the interoperability (TSI) in 
the trans-European high-speed railway system and in the conventional trans-European railway 
system and has published them in the respective gazettes of the European communities.  
The technical specification for interoperability (TSI) relating to the ‘rolling stock — locomo-
tives and passengers rolling stock’ subsystem of the rail system in the entire European Union, 
can be found in Commission Regulation (EU) No 1302/2014 of 18 November 2014. [2] 
2.2. EN 14067-5 
The EN 14067-5 document establishes aerodynamic requirements, test procedures, assessment 
methods and acceptance criteria for operating rolling stock in tunnels. Aerodynamic pressure 
variations, loads, micro pressure wave generation and further aerodynamic aspects to be ex-
pected in tunnel operation are addressed in this document. Requirements for the aerodynamic 
design of rolling stock and tunnels of the heavy rail system are provided. [4] 

3. AERODYNAMIC CRITERION / TRAIN-TUNNEL PRESSURE SIGNATURE 
The train-tunnel pressure signature can determine the aerodynamic properties of a running train 
in a rail tunnel. Figure 1 schematically shows the pressure variations generated when a train 
enters a tunnel.  

 
Figure 1:  Train-tunnel pressure signature at a fixed place in the tunnel [4] 
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ΔpN Pressure rise generated by the frontal wave of the train nose entering the tunnel 
Δpfr Pressure rise generated during the tunnel passage due to the friction 
ΔpT Pressure drop due to rear wave generated by train tail entering the tunnel 
ΔpHp Pressure drop during the passage of the train nose 

The applicable characteristic limits for ΔpN, Δpfr and ΔpT are compiled in Table 1. 

Table 1:  Maximum tunnel characteristic pressure changes for the reference case [4] 

Maximum design 
speed 
km/h 

Reference case Criteria for the reference case, Pa 
Reference 

speed, vtr,ref 
km/h 

Atu 
[m²] 

pN 
[Pa] 

pN+pFr 
[Pa] 

pN+pFr+pT 
[Pa] 

vtr, max < 200 No requirements 
200≤vtr, max ≤230 200 53,6 ≤ 1750 ≤ 3000 ≤ 3700 

230 < vtr, max 250 or vtr, max
a 63,0 ≤ 1600 ≤ 3000 ≤ 4100 

aThe lower value of vtr, max and 250 km/h shall be applied 

Evidence must be provided based on full-scale tests, carried out with the reference speed or a 
higher speed in a tunnel with a cross-section as close as possible to the reference case. The 
transfer to the reference requirement can be done with verified simulation software calibrated 
with the performed measurements. 

4. QUANTIFICATION OF PRESSURE VARIATIONS 
The quantification of pressure variations can be done with full-scale measurements at a given 
position in the tunnel or alternative with pressure measurements on a moving train and subse-
quent calculation of the values ΔpN, Δpfr and ΔpT.  

4.1. Measurements in the tunnel 
Ideally, the values ΔpN, Δpfr and ΔpT are measured at a fixed position in the tunnel. In EN 
14067-5 [4] the equation for the distance xp between the entrance portal and the measurement 
position is given:  

1
* x

vc
Lcx

tr

tr
p 


   Formula 1 

The extra length Δx1 (approx. 100 m) ensures a clear time-related separation of the pressure 
variations over time. The installation of the measurement devices near to the portal is meant to 
avoid a deadening of the pressure wave.  
Figure 3 shows the pressure signals recorded in a tunnel for a specific train. The train speed 
was measured within the range of 198.9 to 201.6 km/h. Therefore, all curves are quite similar. 
Two curves (measurement 4 and measurement 6) are remarkable different. At the time of both 
measurements, flow speed of about 4 m/s was measured in the tunnel before the train passed. 
The direction of the flow was in opposite to the driving direction of the train in the tunnel. This 
resulted in higher pressures. All the other measurements were performed with air speeds less 
than 1.2 m/s, which resulted in a very good match of the pressure curves.  
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Figure 2:  TSI pressure signal from a train measured on a fixed position in tunnel 

4.2. Measurements on the train 
Measurements on the exterior of the train are possible as well. ΔpN, Δpfr and ΔpT can be ap-
proximated by measurements of ΔpN,o, Δpfr,o and ΔpT,o (comp. Figure 3). If needed, ΔpHP can be 
derived either from predictive formulae or assumed to be equal to ΔpN,o. 

The tunnel shall have a constant cross-sectional area, no side passages or airshafts and no re-
sidual pressures waves. Ideally, there should be no initial airflow in the tunnel. However, if 
there is, its influence on the measurements shall be checked. 

 

Figure 3:  Train-tunnel-pressure signature on the nose of the train [4] 

Pressures are measured using transducers on the exterior of the train. To get the complete fric-
tional pressure rise, Δpfr, it is necessary to measure the pressures on the outside of the train at a 
position just behind the nose at the position where the full cross-sectional area is reached. [4]  
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5. EXAMPLE FOR MEASUREMENTS ON A TRAIN 
VR Group is a government-owned railway company in Finland. VR's most important function 
is the operation of Finland's passenger rail services. In 2019, the Finnish Transport Infrastruc-
ture Agency (FTIA) decided to increase train speeds on the coastal line. The coastal line located 
between Kirkkonummi and Turku is an approximately 162 km long railway track in the south 
of Finland. Along the track there are 15 single-bore, single-track tunnels with lengths from 43 m 
up to 1240 m.  
The train speeds for each train (ICS, SM3) are limited by the track geometry. The actual speed 
for SM3 (Pendolino) on this route is 180 km/h to 200 km/h and is goingt to be increased to max. 
220 km/h. The actual speed for ICS on this route is 140 km/h to 160 km/h and is going to be 
increased to max. 200 km/h.  

  
Figure 4:  SM3 (Pendolino) (left) (© Otto Karikoski) and ICS2 (right) (© Antti Leppänen) 
5.1. Measurement Setup 
Both test trains were equipped with several sensors outside and inside the train. The ideal sensor 
positions are right behind the nose, right before the rear and in the middle of the train. At the 
nose and at the rear the pressure maxima respectively minima along the train can be expected 
in long tunnels. The center position provides additional information about the pressure evolu-
tion along the train during tunnel passages, which might be useful especially in short tunnel. 

 
Figure 5:  SM3, sensor position along the train [5] 
Every measurement position (MP1 - MP3) per train consisted of four external sensors (two on 
both sides of the train in different heights) and two sensors inside the train. The use of four 
external sensors provides redundancy and information about possible perturbation of the signal 
due to train geometry and local non-static pressure effects that can be caused by tunnel geom-
etry. The sensor heights were chosen with respect to train geometry to avoid unnecessary noise 
on the signals. 
Two sensors in the interior are used for redundancy reasons, furthermore they validate each 
other. If they are placed in the same coach as the outside sensors, their detailed position has 
negligible influence on the sensor readings because pressure travels at the speed of sound inside 
the train. 
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5.2. Measurement Devices 
The requirements to measurement technique with regard to measurement frequency and accu-
racy is given in [4]. 
The pressure transducers shall be calibrated within the expected pressure range, typically 
±4 kPa. The combination of pressure sensors and probes used shall be capable of measuring the 
pressure with a minimum of 150 Hz resolution. The measurement error of the measurement 
chain comprising the pressure transducer and the data acquisition system shall be less or equal 
than 2% of the expected value for ΔpN + Δpfr. 
The measurement of static pressure shall be made in a way to ensure that airflow in the tunnel 
does not affect the measurement. A suitable realization of such an installation is to use a flat 
mounting board with pressure taps set in it. The mounting board shall be as thin as possible. An 
example is shown in Figure 6. [4] 

 
Figure 6:  Mounting board with pressure tap (left) and the sensor used in the present case 
In order to prevent a loss in (dynamic) information, the tubes and pipes between the pressure 
tap and the pressure transducer shall not exceed an overall length of 50 cm. The static pressure 
may be measured as a differential pressure relative to a common reference pressure (e.g. as 
stored in an insulated pressure reservoir). The structural flexibility and the volume of air in the 
tubes compared to the pressure reservoir shall be dimensioned to reduce this effect. A small 
leakage in the pressure reservoir may be necessary to adjust the reference pressure to slow 
ambient pressure changes. It shall be demonstrated that the leakage is not affecting the test 
during testing. [4] 
Usual differential pressure sensors are used with reference volumes on their negative pressure 
input. However, experience has demonstrated that differential pressure measurement is not 
ideal because: 
 Pressure changes in the tunnel act on the tubes connected to the pressure reservoir and 

may affect the reference pressure 
 Reference volumes tend to extreme drifts caused by temperature change and poor tight-

ness.  
 Mechanical movement can lead to perturbation of the measured signals, which leads to 

major, not quantifiable inaccuracies of the measurement readings.  
 Furthermore, the mounting of tubes along the train is not practicable within a suitable 

time span. 
A new solution was developed and used for the present case using absolute pressure sensors. 
Naturally absolute pressure sensors are more inaccurate than differential pressure sensors due 
to their high measurement range therefor a precise ultra-stable high performance, temperature 
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compensated piezo resistive silicon pressure sensor were used in each mounting board. Table 2 
shows the characteristic parameters of the pressure transducer.  
Table 2:  Pressure sensor and barometer specification 

Pressure sensor Barometer 
Parameters Value Parameters Value 

Measurement range 0 to 15 psi Measurement range 600 - 1100 hPa 

Compensated temperature range -20°C to +85°C Temperature range -25°C - +60°C 

Working temperature -40°C to +125°C Accuracy ± 0.05 hPa 

Non linearity ± 0.05% Span Stability < 100 ppm/year 

Sample rate 500 Hz   

Response time 1 ms   
 
The pressure sensors are integrated in a mounting board (150 mm x 150 mm) to protect it 
against mechanical loads and weather effects. The pressure signal reaches the sensor via a per-
foration (1 mm diameter). The transfer properties of this system were taken into account in the 
installation of the measurement equipment. 
The data recording was performed with a portable data logger (DEWE 43). This logger has 
eight analogue channels and multiple digital inputs and is able to captures measurement signals 
at scan rates up to 100 kSamples/s for each canal. The filtering and the averaging are done 
automatically inside the logger. The pressure signal were captured at a scan rate of 500 Hz. 
Sensors shall be calibrated prior to use over the expected pressure range. This was done using 
a pressure vessel, which can be evacuated and pressurised. As reference, a calibrated very pre-
cise barometer was used (see specifications in Table 2). 

 
Figure 7:  Calibration function for sensor S01 (sensor, amplifier, data acquisition) 

6. RESULTS 
Each tunnel passage was exported separately (150 passages x 3 measurement positions corre-
spond to overall 450 passages). 
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All obtained signals were filtered with a 75 Hz zero phase shift low pass to reduce noise. Right 
before a tunnel passage, outside and inside pressure can be considered equal if the inside pres-
sure had enough time to compensate (no tunnel exits right before the tunnel entry). 
Based on this assumption, offsets were removed by subtracting the first value of each sensor 
from each of its samples. Figure 8 shows an example of the corrected data. The green line 
corresponds to the inside pressure. The four remaining lines correspond to the four outside 
pressures per measurement position. As expected, there are no major differences between the 
four measurement positions outside the train. During the full-scale test, pressure was measured 
during overall 150 tunnel passages on board of the SM3 and the ICS train. 

 
Figure 8:  Outside and inside pressures at three measurement positions [5] 
Each tunnel passage was visualized to identify invalid data like failure of the power supply, 
temporary failure of single sensors or data acquisition system, pressure-sealing malfunction, 
mistakes during export etc. Non-valid data were excluded from the results. Every data set was 
analyzed and documented concerning:  
 maximum pressure outside the train, 
 minimum pressure outside the train, 
 TSI Health criterion, 
 maximum positive pressure on the train wall (maximum of pin-pout), 
 maximum negative pressure on the train wall (minimum of pin-pout), 
 maximum pressure changes per second outside the train, 
 maximum pressure change per second inside the train, 
 comfort criterion within 1 second and 
 comfort criterion within 4 seconds. 

6.1. Simulation Program 
The software ThermoTun was used for numerical simulation. ThermoTun is a computer pro-
gramme accepted worldwide for the simulation of trains in tunnels and of tunnel systems. The 
correctness is confirmed by extended measurement campaigns (cf. [6]). With the programme, 
e.g. the following, aerodynamically relevant, unsteady values can be determined: 

- Pressure variations of trains passing tunnels and on rolling stocks, 
- Traction power requirements for trains in railway tunnels, 
- Averaged air speed in the railway tunnel tube, 
- Distribution and concentration of pollutants and smoke in railway tunnels.  

 
The measurement results were recalculated with this software. Some parameters of the analysed 
train are varied as often as necessary until a good matching with the measurement was reached. 
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Subsequently, the pressure signatures could be calculated with the programme for the in TSI 
specified tunnel cross-section (ATunnel = 53.6 m2).  

7. CONCLUSION 
A train must have aerodynamic properties that no damages occur for the train and for the tunnel 
installations when the train passes through a tunnel or passes by an oncoming train. Besides 
this, the comfort of the passengers must also be taken into consideration.  
The increase of speed limit for trains on a specific railway section especially with tunnels re-
quires full-scale measurements of pressure variations, because evidence must be produced 
about the aerodynamic properties of the train. 
This paper describes the authorisation procedure to increase the train speeds on a specific route. 
It consists in full-scale measurements, which were done in Finland on the coastal line located 
between Kirkkonummi and Turku, which leads to a data set of several train / tunnel pressure 
curves. Finally Gruner Ltd Vienna performed various aerodynamic simulations focussing on 
aerodynamic loads and pressure comfort considering the higher train speeds in several single 
bore tunnels on this line.  
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INCREASING SAFETY AND SECURITY BY USING MODERN 
INTERDISCIPLINARY APPROACHES FOR UNDERGROUND FACILITIES 

1Nina Gegenhuber, 1Robert Galler 
1Montanuniversitaet Leoben/Chair of Subsurface Engineering, AT 

ABSTRACT 
In the last couple of years, the need for extended safety and security methods in underground 
facilities for users, operators and emergency services became more and more important. 
Especially when it comes to terroristic attacks or accidents in underground structures where 
toxic gases and hardly any visibility can be part of, emergency services need to be as good as 
possible supported and protected. Therefore, various projects starting with a robot for mapping, 
augmented/virtual and mixed reality applications or navigation systems are carried out at ZaB 
- Zentrum am Berg in Eisenerz, a tunnel research, development, training and education facility,
belonging to the Montanuniversität Leoben. This enables safety-related research without
prejudice to the necessary operating times and high availability of conventional traffic tunnels.
For the generation of a situational picture, the 3D representation of the underground branches
of the facility, the recording of the number, the whereabouts of the tunnel users and the effective
range of the sensors integrated in the operational and safety systems (BuS) are necessary. The
goals also include positioning systems that allow real-time position determination despite
darkness, smoke and very high temperatures. The presentation deals with research projects in
the above-mentioned fields and some first findings.

Keywords: emergency services, underground positioning, real-time, safety and security, ZaB 

1. INTRODUCTION

Underground structures, such as tunnels, subways or underground stations, represent a major 
challenge for emergency services due to the extraordinary conditions, especially when it comes 
to complex scenarios. Poor visibility, smoke development, temperature, emissions, the use of 
explosives, released hazardous substances (CBRN substances) and structural hazards among 
the influencing factors, not only place special demands on the emergency services, but also 
push the equipment and devices to their limit. 

Autonomously operating systems for reconnaissance and logistics tasks are currently not 
available due to the lack of sensors. It is therefore still necessary for the emergency personnel 
to go directly to the danger areas. Positioning must take place without external infrastructure, 
since its availability in the event of a disaster cannot be guaranteed. The same applies to any 
navigable a priori map information. It is therefore necessary to find a positioning system which, 
without external sensors or infrastructure and without available map data, determines the 
position of the robot or persons in the tunnel in darkness, smoke and great heat, precisely and 
reliably in real time, in order to automatically guide them on this basis. 

The real-time availability of situation information is an essential prerequisite for optimized 
command support in underground crisis scenarios. Solutions offer mobile, flexible multi-sensor 
platforms, rapid data processing, data management and the integration of external information 
sources. Multi-sensor solutions, on the other hand, also use in-situ installed tunnel equipment 
such as video cameras. They can provide valuable additional information for the point in time 
before a dangerous situation occurs and improve the real-time capability of situation picture 
generation in order to be able to supply the emergency services with current data when they 
arrive. This data is intended to provide the number and location of infrastructure users prior to 
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the critical event. In addition, knowledge and models of human behaviour in underground crisis 
situations are essential prerequisites for the development of technical concepts and innovative 
assistance solutions. The organization and management of the emergency services must be 
coordinated in detail with the scenario requirements and structural/spatial framework 
conditions. 

Therefore, research projects focusing on the support in safety and security in tunnels in 
emergency cases is essential. The Zentrum am Berg gives us the possibility to try and train 
within these projects in a 1:1 scale. In various projects positioning of people and a robot 
underground, bringing together virtual and augmented reality for training and emergency cases 
and testing sensors for smoke and heat are brought together to increase safety and security in 
tunnels.  

2. ZENTRUM AM BERG 

With the Zentrum am Berg on the Styrian Erzberg, the Montanuniversität Leoben operates an 
independent research infrastructure for the construction and operation of underground facilities 
which is unique in Europe. The facility consists of an extensive tunnel system and enables 
research and development on a 1:1 scale as well as education and training under real conditions. 

The underground research facility consists of two parallel railway tunnels, two parallel road 
tunnels and a test tunnel (Fig. 1). The tunnels can be reached via three entry portals and are 
connected underground by a cavern. A total of five different tunnel tubes are therefore available 
for research and test purposes. The facility enables national and international research projects 
to be carried out on a wide range of issues along the entire life cycle of underground facilities:  

 Geotechnical monitoring 
 Numerical simulation in geotechnics 
 Safety research, safety technology/ventilation, tests of fire detection and fire protection 

devices, risk management 
 Rescue Conditions 
 Thermo and aerodynamic issues 
 Long-term stability and durability of materials 
 Rehabilitation of underground structures 
 Impact of climate change: mudslides, rock fall, landslides and forecasting technologies 
 Innovative and low-vibration driving methods 
 Equipment technology such as control systems, gate systems (tightness requirements vs. 

dirt) or electrical equipment in the railway tunnel 

The fully equipped road, railway and test tunnels allow a wide variety of training options and 
test executions for emergency services, as well as for operating and maintenance personnel. 
This should make a decisive contribution to increasing the safety of users of underground 
transport systems.  
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Figure 1: Overview Zentrum am Berg in Eisenerz (Styria) 

The instruction of service and maintenance personnel should also take place on the basis of 
training courses and the practical training for relevant professions should be settled. 

 Testing of evacuation scenarios using different protection and control devices, signaling 
technology and others 

 Experiments with automated firefighting systems 
 Training for very high fire loads (e.g. truck fire) 
 Impact of different operating scenarios for plant and operating technicians and optimized 

handling of maintenance processes 
 Training of relevant professions 

The Zentrum am Berg serves researchers, students, emergency organizations, industry, as well 
as operators and users of the road and rail infrastructure as an event infrastructure and 
international hub. This is intended to initiate excellent, international and interdisciplinary 
cooperation in the field of underground research. 
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3. PROJECTS OVERVIEW 

The first important approach for safety is the position of people or a robot within the 
underground infrastructure. Navigation of the robot and the blue on blue problem from the 
military are just two issues, which need to be solved. Due to the multidimensional branching of 
underground structures and the limited view and the resulting difficulties in orientation, the 
precise positioning of one's own forces is essential for survival. Therefore, NIKE Bluetrack 
deals with a blue force tracking system (Fig. 2) that provides the location information of the 
own forces on a map to commanders. In underground structures (e.g. tunnels or subways), the 
localisation is challenging due to the lack of GNSS signals. 

 
Figure 2: Test subject with sensors mounted on helmet and shoes. [1] 

First outputs including detailed analyses of the tests, algorithms and analysis with IMU and 
UWB are summarized in [1]. Those first results are promising and the final tests are planned at 
ZaB in summer.  

The multidisciplinary use of semi-autonomous robots equipped with sensors for supporting 
analysis tasks, on the one hand, enables situation-adapted deployment techniques and quick 
decision-making. On the other hand, intelligent, mobile and portable multi-sensor solutions 
directly on site and on the person, as well as the real-time generation of an overall situation 
picture, can provide support for the safety of the emergency services.  

In the two KIRAS projects ROBO-MOLE and NIKE-SubMoveCon, this is considered from 
two different perspectives, one with an autonomous robot and the other with equipment for the 
emergency services and with installed tunnel equipment that meets current standards. [2] 
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Figure 3: Laser scan data by RIEGL at ZaB 

Within ROBO-MOLE first measurements carried out, have been laser scan data by RIEGL 
Laser Measurement Systems GmbH at ZaB. The tunnel structure was scanned down to the 
centimetre in order to obtain an up-to-date inventory of the tunnel structure with all its 
installations (Fig. 3). Further experiments included fire tests to see, where the limitations of the 
various sensors for the robot (Fig. 4) are. The selected sensors are IMU, thermal cameras, laser 
scan, RGB camera, odometry and CBRN sensors for positioning of the robot and deliver further 
information for the emergency services. Especially the smoke from a fire is challenge for the 
various sensors. Final tests of the full robot system will be conducted in October. 

 
Figure 4: Fire tests for the sensor evalution (railway tunnel, ZaB) 

Further experiments with video cameras and thermal sensors from Joanneum Research were 
carried out. In order to be able to support the generation of a picture of the situation, a 
localization of the direction of movement and the position of individual people is a prerequisite 
for clarifying the situation, where and how many people were in the underground facility. The 
video cameras have different orientations and installation locations within the ZaB tunnel 
system, which must be determined metrologically.  
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Figure 5 shows those control points that are helpful in determining the orientation of a video 
camera and must be provided as a 3D position. Such thermal camera recordings serve as the 
basis for further tasks in generating situation images for any crisis scenarios. The technical 
implementation of converting the video cameras of the tunnel equipment into a measuring 
system is being carried out in cooperation with Joanneum Research Forschungsges.mbH. The 
areas of responsibility of the partners in NIKE-SubMoveCon break down into the provision of 
image material, control points and first approximate values for the camera parameters by the 
ZaB and the calculation of the camera parameters and image processing by Joanneum Research. 

 
Figure 5: Thermalvideo ‐camera with a person visible (NIKE Submovecon) 

Two new projects started last autumn: NIKE DHQ-Radiv and NIKE Med. Both include first 
results from the other already existing projects and intertwine. NIKE DHQ-Radiv is an essential 
sub-project of the overall NIKE program and will develop the process of rapid data integration 
and visualization of this information in a truly comprehensive Common Operational Picture 
[3]. It is important to ensure the lateral continuity of different visualization systems in the entire 
reality - virtuality continuum (2D & 3D & Mixed Reality). Only individual applications are 
actually available, there is currently no collaborative collaboration option.  

 

 
Figure 6: Usage of Virtual Reality (VR) for mission preparation. (Pictures: ÖBH/laabmayr) 

 

NIKE Med evaluates the required and available emergency capacities, develops an application 
to optimize care for responders, and identifies development needs for building strategic reserve 
capacities. NIKE Med makes an essential contribution within the framework of the NIKE 
research and development program to achieving full operational readiness of a specialized task 
force with the capability to operate underground, thus adding essential value to state crisis and 
disaster management. At this stage of the project the needs of the various emergency services 
is evaluated as input for the planned app.  
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4. CONCLUSIO 

The projects NIKE Bluetrack, ROBO-MOLE and NIKE-SubMoveCon complement each other 
perfectly and are a first example of interdisciplinary approaches in disaster management. The 
safety of the emergency services and optimal support for them in the event of a complex 
emergency is the top priority. The results of these projects will contribute to supporting 
emergency services and protecting lives in dangerous situations. Positioning within an 
underground structure is essential and can be realized with those projects for the future. All 
projects have various emergency service partners, to make the research output practical in 
operation. The new projects NIKE DHQ Radiv and NIKE Med, extend the already running 
projects and add new developments on the one hand with the various mixed, augmented and 
virtual reality applications, which already used for different training and on the other hand 
include the medical input which results in complex scenarios. The overall target is to make 
underground structures safer for users and emergency services, who risk their lives to safe 
others.  
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FEASIBILITY STUDY INTO THE IMPLEMENTATION OF ZERO 
FLOW TUNNEL VENTILATION IN THE SCHIPHOL KAAGBAAN 

TUNNEL 
Hans Beljaars  

Royal HaskoningDHV Netherlands  
ABSTRACT 

The Schiphol Kaagbaan tunnel had to be refurbished to meet the European Standards. Due to 
secondary requirements from stake holders, an investigation was started to determine whether 
removing the evacuation corridor and using a Zero Flow Ventilation strategy was a viable 
option. Three steps were taken to reach a final design choice. In the final step, the Feasibility 
Study, the two most decisive requirements of the authorities were 1) to prove the concept 
through a CFD-simulation and 2) to prove the equivalence of the Zero Flow Ventilation 
compared to a traditional evacuation approach.  Due to remaining risks it was eventually 
decided to adapt stake holder requirements and implement an adapted evacuation corridor for 
egress.  

Keywords: Zero Flow Tunnel Ventilation, conceptual ventilation design, CFD simulation. 

1. INTRODUCTION
At Schiphol Amsterdam Airport in the Netherlands renovation of the existing Kaagbaan tunnel 
(airside) was required. This was needed because following the new Building Permit 
requirements the European directive 2004/54/EC had to be implemented. The Kaagbaan tunnel 
is located under the Kaagbaan runway and is designed for bi-directional traffic. The tunnel was 
built in 1997. Before refurbishment, the tunnel had no escape doors and no ventilation system, 
but it had several CCTV cameras and a horizontal dry riser system with fire hydrants placed 
every 50 meters. It is partly built as an immersed tunnel and partly as a cut and cover tunnel. It 
is predominantly used for the transport of personnel, luggage 
and fuel.   

Fehler! Verweisquelle konnte nicht gefunden werden.)  
Location (right) and a longitudinal cross section  

of the Kaagbaan tunnel  

2. ORIGINAL SCOPE OF WORK / DESIGN CHANGE
To achieve the required safety level, one of the main requirements was an evacuation route that 
was separated from the traffic tube by a wall. The minimum width required for an evacuation 
route corridor in an existing tunnel in the Netherlands is 0,70 meter. During the construction 
phase a requirement regarding the maximum collision impact of the dividing wall was updated. 
A new civil design of the evacuation route wall was necessary and resulted in the 
implementation of a thicker wall.  The minimum evacuation route corridor width and the 
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minimum required road width of 10 meter did not fit in the existing civil tunnel construction 
anymore. To complicate things further, an additional request from Stakeholder ‘Asset 
Management’ was to keep the tunnel operational during renovation works. By leaving out the 
evacuation route corridor and implementing ‘Zero Flow Ventilation’ (ZFV), a solution to these 
problems could be found. (See paragraph 3.1 for an explanation of ZFV.)  

   
Fehler! Verweisquelle konnte nicht gefunden werden.)  Original tunnel cross section and 

(part of) the evacuation route corridor. 

3. IMPLEMENTING A NEW VENTILATION CONCEPT.  
The issue came to light just before the start of actual construction works in 2018. An updated 
tunnel ventilation design and the design changes would have a large impact on the tunnel safety 
concept. To implement the new tunnel safety concept during this phase of the project several 
steps had to be taken in a very short period. According to the license, the tunnel had to be 
renovated before May 2019. Initially, a high-level management report was necessary to describe 
the existing design, update the requirements and describe the ensuing construction steps in the 
project. The background and underlaying reasons for the possible design changes had to be 
described in relation to current and future safety concepts, including the effect on the tunnel’s 
technical systems. The management report was accepted and a plan for the implementation of 
the design changes had to be set up. The first step was to gather more detailed information in 
order to understand all related consequences. The second step was a Feasibility Study which 
contained a description of all the relevant consequences. This study had to include the project 
interfaces, risk assessments, cost assessments, a trade off matrix, etc. The third step, combined 
with the second step, was an inventory of the consequences related to the stakeholders such as 
‘Asset Management’ and ‘Operations’, the Schiphol Tunnel Safety employee, the Fire 
Department and other authorities. All the consequences of implementing a new safety concept 
had to be elaborated. Based on this report the Schiphol Board made its final decision. The 
implications of the new safety concept for the project costs and schedule were large. For the 
implementation of Zero Flow Ventilation a new detailed design would be necessary. In 
December 2017 the initial management report was completed, the preliminary study was 
finished in January 2018 and the Feasibility Study was developed from February up to April 
2018. 
3.1. Zero Flow Ventilation 
With Zero Flow Ventilation the air velocity in the tunnel is kept at a low speed so pedestrians 
can evacuate the tunnel before the heat or smoke reaches dangerous levels at their egress 
position. It uses variable speed jet-fans to control the impulse, and thus the air velocity, induced 
by the jet-fans.  The direction of the jet-fan air flow is controlled and will be the opposite 
direction of the existing air velocity in the tunnel.  The system can manipulate the maximum 
air velocity in the tunnel within a short period of time within boundaries of -0,5 to +0,5 m/s. 
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This air velocity is low enough to allow healthy people to evacuate the tunnel safely at both 
sides. A swift startup of the Zero Flow Ventilation system is required to reduce the air velocity 
in the tunnel quickly and allow enough time for accident awareness, including the escape 
reaction, of the tunnel users to start egress. Several systems are used for this awareness. A swift 
automatic response or a manual response by the tunnel operator can be achieved by 
implementing the correct protocols, continuous measurement of wind speed and wind direction 
and technical facilities like Traffic Low Speed Detection, Linear Heat detection and CCTV-
cameras. 

 
Figure 3) Escaping pedestrians (orange dots) able to stay ahead of smoke and toxic gasses. 
3.2. Preliminary Study 
In this study the system uses two clusters of four jet-fans each. The jet-fans are placed 100 
meters from the tunnel entrances. This configuration was determined by the 1D-simulation 
performed by the supplier of ZFV control cabinets, the company Sohatsu (Kobe, Japan).  The 
jet-fans are not located directly at the tunnel entrance to avoid a short circuiting of air (the exact 
positioning, the number of fan clusters, the number of jet-fans and other parameters are to be 
validated later with Computational Fluid Dynamics modelling (CFD)). The decrease of air 
velocity is examined in this phase with the help of 1D-simulations. This was done for different 
scenario’s and with various locations of the fire. If a fire starts in the proximity of a jet-fan 
cluster the thrust of that jet-fan cluster will be reduced. The thrust can be negligible, depending 
on the exact exposure of fans to high temperatures and the air temperature. 
3.2.1. Starting point fire scenarios for the Preliminary Study. 

Taking into account the various scenarios and using past experiences resulted in a design with 
four jet-fans at each portal. This preliminary study had to prove whether ZFV would be able to 
reduce the air velocity in a short period of time and in a short and wide tunnel such as the 
Kaagbaan tunnel.  
Main starting points 
Measurements and calculations have shown a maximum air velocity in the tunnel of 4 m/s due 
to wind and traffic. It was assumed that healthy tunnel users can walk at 2,2 m/s. To allow the 
person to evacuate the tunnel safely a longitudinal air velocity reduction of 2 m/s within 60 
seconds needs to be achieved. After this period of 60 seconds a further reduction to 0 m/s is 
intended. In the scenario where a fire is not in the vicinity of the jet-fans, all eight jet-fans can 
operate to control airflow velocity.  In case of a fire close to a cluster of jet-fans, only the other 
cluster of jet-fans can reduce the air velocity conform the limitations. The impulse created by 
the cluster close to the fire is unknown because of their exposure to high temperatures. In this 
study two simulations for the behavior of air in the tunnel have been conducted: one simulation 
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with one active cluster of jet-fans operating and one simulation with both clusters of jet-fans 
operating. The two scenarios are compared in order to examine the effectiveness of the clusters 
and to determine if more jet-fan clusters are required.  

 
Fehler! Verweisquelle konnte nicht gefunden werden.)  Fire locations with four or eight jet-
fans in operation. 
Fire Breakout Scenario 
The fire breakout scenario is defined by three events: traffic accident at time t= -120 s, fire 
breakout at time t= -60 s, and fire detection at time t= 0 s.  As the Zero Flow Ventilation control 
is initiated by fire detection, the system starts operating at t= 0 s.  For the Kaagbaan study it 
was vital to establish the period that the system requires to control the airflow in the tunnel. The 
target was set at 2 m/s air velocity reduction within the first 60 seconds. 
 
 
 
 
 

Fehler! Verweisquelle konnte nicht gefunden werden.)  Time sequences 
3.2.2. Results 

   

 
Fehler! Verweisquelle konnte nicht gefunden werden.)  1D simulation result; scenario with 

4 jet-fans operating. 
Fig. 6 shows the reduction of airflow velocity where only one active cluster of jet-fans is 
operating. The airflow velocity is reduced to 2 m/s within 60 seconds.  Calculations with two 
active clusters of jet-fans illustrate that zero-flow ventilation can reduce the airflow velocity to 
less than 2 m/s within 30 seconds, and a further reduction to 0 m/s within 120 seconds after 
activation at t= 0 s. 
Conclusion in December 2017: a Zero Flow Ventilation system is effective in a short and wide 
tunnel such as the Kaagbaan tunnel. The required thrust and the number and type of jet-fans 
will be determined at a later stage during the Feasibility Study. Then there will be more clarity 
about the system requirements, the type of fires that and the various scenarios. 
In January 2018 several stakeholders (including the local Authorities, the tunnel owner, the 
tunnel safety authority, the Fire Department) came together for a scenario analysis session 
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-60 s 
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Fire detection;  
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with regards to fire and other calamities in the Kaagbaan tunnel. Consensus was achieved on 
how all systems and authorities should operate following fire detection and the response to 
calamities.  The scenario analysis gave insight into the procedures in case of fire when a Zero 
Flow Ventilation System is in operation. It became clear that this safety concept would only be 
accepted after a proven and agreed safety case. A detailed CFD-model showing the safe 
evacuation of tunnel users would be accepted as proof. An independent third party was to 
conduct the CFD-modeling. As required by local regulations, when an alternative system is to 
be used, the performance of that system should be equal or better than the previously used 
system. This needs to be proven for the aspects Safety, Environment, Use, Energy and Health. 
Safety appeared to be the most important subject for implementation of ZFV at this stage. It 
was also decided that the walking speed of evacuating healthy pedestrians was reduced from 
2.2 m/s to 1.6 m/s in the models to meet requirements in other standards. The air velocity in the 
models as result of the outside wind influences was increased to the conservative value of 5 
m/s. 

3.3. FEASIBILITY STUDY 
The feasibility study was important to prove that the implementation of this new ventilation 
concept was possible. Three subjects in the feasibility study, shown in bold and underlined 
below, were the most important aspects that could cause the discontinuation of the 
implementation of a ZFV-system. 
Table of contents of the feasibility study with most relevant subjects highlighted: 

1. System architecture 
2. Performance of the system 

a. CFD analysis  
b. Energy availability 
c. Electromagnetic Compatibility (EMC) 
d. Civil impact 
e. RAMS 
f. Maintenance 

3. Total Cost of Ownership 
4. Building Permit / Safety Analysis 
5. Risk Analysis 
6. Time Schedule 
7. Contractual impact 

Item 2a: CFD analysis 
An independent consultant Efectis NL created the CFD-simulations in conjunction with Royal 
HaskoningDHV. Stakeholder requirements, the civil, mechanical, electrical parameters, the fire 
and smoke scenarios and the response scenarios had to be agreed upon with the various 
stakeholders. The critical parameters to be used in the models had to be agreed upon before the 
simulations could be started. Critical parameters such as the air temperature, air quality and 
radiation are shown in figure 7.   

 Critical Parameter Acceptance Value 
1 Sight distance on light emitting subjects in horizontal 

direction at 2.5 m height: 
≥ 30 meter 

2A Temperature over the total height of the smoke layer: ≤ 200 °C. 
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2B If the temperature of the top of the smoke layer is  
> 200 °C. and at the bottom is < 200 °C.  
then: heat radiation at 2.1 meter: 

≤ 2.5 kW/m2 

Figure 7) Critical values 
The 1D simulation was completed to determine the necessary impulse and thus the required 
number of jet-fans.  A scenario analysis led to 4 critical scenarios and several additional starting 
points such as the maximum wind influences, available electrical power, etc. Four locations of 
a fire are important (Figure 8). 

Fehler! Verweisquelle konnte nicht gefunden werden.8) The four decisive fire locations 
 
The simulation program Fire Dynamic Simulator (FDS v6.6.0) and the visualization program 
‘SmokeView’ were used. The Dutch Ministry of Infrastructure has validated this simulation 
program since 2003. The following parameters were placed in the model: the geometry of the 
civil construction, jet-fans with accompanying airflow patterns, the jet-fan maximum 
operational temperature of 300°C, location based grid sizes including the accompanying time 
steps were important to receive correct simulation results around the decisive locations. The 
model contained more than 1.1 billion cells. The largest cells were 0.4x0.5x0.33 and the 
smallest cells were 0.4x0.25x0.16 (in meters). Later on a ‘cold’ CFD simulation was carried 
out for the verification of the 1D calculation and other traffic parameters like the positions of 
vehicles, fans etc.  

 
Fehler! Verweisquelle konnte nicht gefunden werden.)  Cross section of the tunnel with 

one of the two clusters of seven jet-fans  
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From the models it was determined that 2 jet-fan clusters of 7 jet-fans (thrust 540 N each) were 
required. During the scenario analysis it became clear that the third scenario (fire at location 3, 
see figure 8) was the decisive scenario. In this scenario the visibility conditions were poor as 
soon as the fire started. Additional CFD’s were run to show what would happen in the location 
around the fire in the first two minutes after a fire started.  See fig. 10 and 11. 

 
.  
 

               
 

 
From the illustrations above it can be concluded that the sight distance to illuminating objects 
in evacuation positions will always be 30 meters or more. From t = 90 s evacuees will escape 
in both directions in front of the moving smoke blanket. Heat radiation also stays within 

Figure 10:  
Smoke dilution and 
evacuation positions in 
scenario 3.  

Figure 11:  
Sight distances to light 
emitting objects and 
evacuation positions in 
scenario 3.  
 
Picture left: side view.  
Picture below: top 
view.  
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acceptable limits, the illustration showing this is not included in this paper.  Conclusion: with a 
reaction time of maximum 60 seconds from the start of the fire and with a walking speed of 1.6 
m/s, safe egress is possible in all the scenarios.  
 (CFD motion pictures will be shown during the presentation at the conference in May 2022.) 
Item 4: Building Permit / Safety Analysis 
The reason for the whole project was to obtain an updated Building Permit. Approval of the 
original tunnel design would have been received from the local authorities without any issues. 
By deviating from the original tunnel design and introducing a different tunnel safety and 
ventilation concept, such as ZFV, risks were introduced in the Permit Application process. The 
table below is a comparison between the original and the proposed new variant on important 
aspects: 

Building Permit 2012 Variant ‘Evacuation 
route’. 

Variant ‘Zero Flow 
Ventilation’.  

Decisive aspects   

1) Evacuation route   

- Self-rescue + 0 

- Rescue assistance 0 + 

2) Ventilation   

- Health 0 + 

- Self-rescue 0 0 

- Rescue assistance 0 0 / + 

3) Reliability   

- System reliability 0 0  1) 

- Installation reliability 0 0 / -  2) 

1) The system reliability had to be proven in a CFD report (as described in chapter 3). 
2) The reliability of the technical installations had to be proven by a RAMS report. To 

meet requirements several additional redundant systems were required. 

4. PROJECT PROGRESS AFTER THE FEASIBILITY STUDY AND CONCLUSION 
During the process from January to April 2018 an additional Impact Analysis as well as a Risk 
Analysis were carried out. The conclusion from these analyses was that the risks and impact of 
a non-approval of the Building Permit application as well as some of the technical risks were 
too large. Schiphol decided that the disadvantages from the ‘Evacuation route’ variant 
(narrower road and 6 – 8 months of traffic obstructions due to building activities) were not large 
enough to revise the project design to a Zero Flow Ventilation design concept and changed 
these initial requirements. 
The renovation project ‘Kaagbaantunnel’ was finished with an accepted time delay by the 
Authorities in December 2019 using the original concept of an evacuation route corridor.   
With the results of this Feasibility Study, it is concluded that Zero Flow Tunnel ventilation can 
be part of a safe(r) evacuation strategy in bi-directional tunnels with or without an escape 
gallery. For implementation in projects additional time and cooperation of authorities is needed 
when legislation aspects are debated. Certainly for countries where Zero Flow Tunnel 
Ventilation systems are not common practice. 
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VENTILATION STRATEGY AND DESIGN OF INTERTWINING 
TUNNELRAMPS, OOSTERWEEL LINK ANTWERP 
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1RoTS / Witteveen+Bos, Amsterdam, The Netherlands 

2 Lantis / RoTS, Antwerpen, Belgium 

ABSTRACT 
The Antwerp Oosterweel Link will consist of 5 intertwined TERN-tunnels (Trans-European 
Road Network tunnels), which will be, together with underpasses and depressed highways, all 
operated, controlled and secured by an integral safety concept.   

The most interesting tunnel complex of the Oosterweel Link, in terms of tunnel safety and 
tunnel ventilation, are the 2x2 stacked Kanaalzone tunnels. Near the Oosterweel junction 
intertwining ramps of the Kanaalzone tunnels create a specific geometry regarding tunnel safety 
and smoke control.  

The paper presents analyses of the preliminary design of the ventilation system of the 
Kanaalzone tunnels, comprising 74 jet-fans, and the accompanying ventilation strategy.  

The following steps in analyzing the smoke control can be determined: 

 basic ventilation design, based on probabilistic analysis;
 quasi one-dimensional pressure balance relations;
 cold (smoke-free) CFD-simulations to analyze the system behavior in detail;
 hot-run CFD-simulations to analyze the smoke behavior and to optimize the ventilation

strategy.

Relevant preliminary results are: 

 Full jet-power on all fans is not always the best solution for smoke control in intertwined
tunnel tubes.

 Air balances between the tubes are important for effective smoke control in
interconnected ramps  and are affected by many parameters.

 Interconnected tunnel tubes require a ventilation strategy on cluster level instead of tube
level.

Keywords: Tunnel ventilation design, intertwined tunnels, Oosterweel Link. 

1. INTRODUCTION

In order to improve the traffic flow around the city of Antwerp, the existing ring road R1 will 
be closed by the Oosterweel Link. The Oosterweel Link consists of 5 complexly intertwined 
TERN tunnels, a number of underpasses and several kilometres of depressed highways.  

Oosterweel Link Antwerp 
The existing ring road of Antwerp is not a full circle: it lacks a direct connection between the 
west and the north side of the city, including a second crossing of the Schelde river (figure 1-
1). With increasing expected traffic densities this leads to more and more problems regarding 
traffic management, incident handling, noise and pollution.  

DOI: 10.3217/978-3-85125-883-7-30
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By closing the ring road with the Oosterweel Link the traffic flow will improve, the possibilities 
for integral traffic management will grow and the port of Antwerp will become better 
accessible.  

The Oosterweel Link consists of 5 tunnels: the Schelde tunnel (crossing the Schelde river), the 
Kanaalzone tunnels (crossing the port), the OKA tunnel (crossing the Albert channel), the 
Luchtbal tunnel and the Schijnpoort tunnel (both under passing urban areas). Further the link 
consists of the Oosterweel junction, a depressed infrastructural node that connects the Schelde 
tunnel, the Kanaalzone tunnels and the local road network north of Antwerp. The link is 
completed by several depressed highways and underpasses, connecting the tunnels and 
facilitating the inflow and outflow of local traffic to the link.  

 
Figure 1-1 A) Oosterweel Link as closing element of the existing ring road; B) Components of the Oosterweel Link. 

 Tunnel safety and road safety 
The safety concept of the Oosterweel Link is based on two pillars: tunnel safety and road safety. 
Tunnel safety starts by complying to the EU directive 2004/54/EC on minimum safety 
requirements for tunnels in the Trans-European Road Network (TERN) and its translation in 
the Belgian legislation. Next to this a quantitative risk analysis (QRA) has to be performed for 
every tunnel tube, in which a variety of parameters regarding the geometry, the traffic and the 
safety measures have to be taken into account. The calculated group risk has to be checked 
against the legal standard, that limits the chance of casualties at 0.1/N2 per kilometre of tunnel 
tube per year (with N the number of casualties per incident). In the final design iteration all 
tunnels of the Oosterweel Link comply to the legislation and the legal standard for the group 
risk, by applying an elaborate set of safety measures. 

The second pillar of the safety concept of the Oosterweel Link is road safety. Road safety starts 
with a safe road design that complies to the so called “10-seconds rule” in the EU directive 
2004/54/EC. This rule puts restrictions on the location of convergence and divergence points in 
relation to the location of the tunnel portals. Therefore the road design was subjected to a human 
factor analysis, that checked whether the total road system including all marks and signs is clear 
to the drivers and can be used safely. Finally an analysis of the dynamic traffic management in 
relation to tunnel safety was performed in order to guarantee that traffic flows can be guided 
through the tunnels safely.  

 Kanaalzone tunnels and Oosterweel junction 
The most interesting tunnel complex of the Oosterweel Link, in terms of tunnel safety and 
especially tunnel ventilation, are the Kanaalzone tunnels. These are 2x2 stacked tunnels with 
connections to the Oosterweel junction, the Luchtbal tunnel and the OKA tunnel. Near the 
Oosterweel junction, multiple intertwining ramps of the Kanaalzone tunnels create a complex 
geometry regarding tunnel safety in general and smoke control in particular (figure 1-2 and 
figure 3-3).  
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Figure 1-2 Top left: Tunnel portals of the Kanaalzone tunnels (tubes and ramps) at the Oosterweel junction; Top center: Top 
view of the Oosterweel junction; Bottom left: Schematic overview of Kanaalzone tubes, ramps and escape galleries; Bottom 
center: Cross section of stacked Kanaalzone tunnels; Right: Impression of stacked Kanaalzone tunnels. 

The lower tubes of the Kanaalzone tunnels have a length of approximately 3.5 kilometers and 
connect the Oosterweel junction in the west to the existing ring road R1 and the new Luchtbal 
tunnel in the north. In the same way the upper tubes have a length of approx. 3.2 km and connect 
the Oosterweel junction to the R1 and the new OKA tunnel in the east. The upper and lower 
tubes are stacked when crossing the docklands and diverge near the Albert channel.    

The east side of the Oosterweel junction is not only the entrance and exit of the upper and lower 
tubes of the Kanaalzone tunnels, but also the connection of the local traffic to the highway 
system. Therefore two additional tunnels portals are situated at the junction, which are the 
entrance and exit of the ramps. Although those ramps only have one tunnel portal, they split or 
merge just behind the portal in order to connect the traffic to both the upper and the lower main 
tubes. This results in a system of interconnected tubes and ramps that should be studied in detail 
related to smoke control conditions. 

All tunnels of the Oosterweel Link will be equipped with a longitudinal ventilation system, 
since such a system can handle big fire sizes and can be fitted into the complex geometry of 
stacked tunnels.  

Since Antwerp has one of the biggest ports of Europe, the amount of heavy goods vehicles at 
the ring road is large, just as the transport of highly flammable materials and fuels. Accidents 
with these trucks can result in scenarios with fire sizes up to 200MW. A transverse ventilation 
systems would not be able to control the smoke and heat produced by such fires. Besides, such 
a ventilation system would be difficult to fit into the complex geometry of the Oosterweel Link. 
Therefore longitudinal ventilation systems are applied. 

2. METHOD 

When designing the ventilation concept and corresponding ventilation strategy, a number of 
consecutive analyses with increasing levels of detail are necessary. In this chapter, a brief 
overview of the different steps is given, while the next chapter elaborates on every individual 
step and its results. 

The probabilistic analysis can only be applied in isolated tunnel tubes however does not account 
for junctions, hence for design purposes the Kanaalzone tunnels are considered in two parts:  
the main tube, where probabilistic calculations are applicable, and the intertwining ramps near 
the Oosterweel junction where separate analyses are required. 
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The first step in designing the ventilation in the ramps is an analytical calculation, based on the 
pressure balance in the connected tubes. Hereafter, a detailed analyse is done by means of CFD 
calculations, first without and then with smoke and fire. 

 
Figure 2-1 Calculation, simulation and design proces for the longitudinal ventilation of the Kanaalzone tunnels. 

3. ELABORATION AND RESULTS 

 Probabilistic analysis 
The basic design of the tunnel ventilation system is based on failure rate analyses. Probabilistic 
calculations determine the failure rate where the critical ventilation velocity is not achieved [1]. 
This is the minimum air velocity (fire size dependent) that must be achieved by the tunnel 
ventilation system in order to prevent backlayering of smoke.  

The probabilistic calculations account for: 

 External conditions: Wind conditions and terrain roughness. 
 Tunnel design: Tunnel orientation related to wind, entrance and exit configuration, 

vertical tunnel alignment (chimney effect), tunnel roughness. 
 Traffic: Traffic composition (e.g. number of trucks) and congestion. 
 Fire conditions: Fire size and location. The location affects the length of the congested 

traffic and the chimney effect. 
 Ventilation design: Ventilation power, number and locations of fans, fan efficiencies 

and heat resistance of fans. 

 
Figure 3-1 A) pointcloud of probabilistic calculations. Green indicates a pass, i.e. the ventilation speed is larger than the critical 
velocity, a red point indicates a failure; B) The winddistribution of Antwerp: an 11 year average of hourly measurements. 

The probabilistic variables in the calculations are the non-dimensional fire location [-], the wind 
direction [deg] and the windspeed [m/s]. All unique combinations of the variables result in over 
30.000 calculations, where a resultant ventilation speed can be compared with the critical 
ventilation speed.  

In the figure above the results are shown for a 200MW fire in the TKZO main tunnel tube. 
Every green point indicates a situation where the critical velocity is reached, every red data 
point indicates a failure, i.e. the critical ventilation speed is not achieved. This success- and 
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failure data is combined with the chances of occurring of a certain wind condition, resulting in 
the required acceptable level of failure rate, per fire size [2]. 

 Quasi one-dimensional pressure balance relations 
The airflow from the main tunnel tube will split, according to a certain distribution, at the 
location of the exit ramp. At the exit of both branches of the tunnel the outside pressure is 
assumed to be equal to atmospheric pressure, hence the pressure drop over the tunnel sections 
1 and 2 (figure 2-2) must be the same.  

 
Figure 3-2 A) Simplified situational sketch of an incident at an exit ramp; B) Schematic overview of all contributions to the 
pressure drop in the incident tube (top row) and non-incident tube (bottom row).  

Since some of the resistances faced by the air flow are velocity dependent, there is a volume 
flow distribution where the following relations hold: 

𝑄ሶ௧௢௧ ൌ  𝑄ሶଵ ൅ 𝑄ሶଶ 
Δ𝑝ଵ ൌ Δ𝑝ଶ ൌ  𝑝௧௨௡௡௘௟ െ 𝑝௔௧௠  

In this the pressure drops in branches 1 and 2 are considered to be a summation of all the 
individual contributions according to the scheme above. 

In this scheme, the fans provide a ‘negative pressure drop’ (Δ𝑝௙௔௡) and can be determined such 
that the requested air flow distribution at the junction is reached. This method can be extended 
to accompany multiple junctions and has resulted in a first ventilation design for the ramps. 
Merging the designs of the main tubes and the ramps results in the ventilation set-up as 
presented below. 

 
Figure 3-3 Schematic overview of the ventilation design for the Kanaalzonetunnel; A) Lower Kanaalzone tunnel. B) Upper 
Kanaalzone tunnel.  

 CFD model 
In order to simulate the performance of the tunnel ventilation design in detail a CFD model of 
the entire Oosterweel junction has been created. The figure below shows an exploded view of 
the model. The full length of the exit ramps is modelled and over 600 meters of both main tubes. 
The total length of the geometry is roughly 800 meters. The mesh contains 5.5M cells of 0,5m 
x 0,5m x 0,5m, in line with [2]. The boundary conditions represent a wind pressure on all tunnel 
exits and a fixed inflow from the main tubes in line with earlier results (section 3.1). 
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Figure 3-4 A) Exploded view of the geometry of the CFD-model; B) Impression of the airflows; C) Impression of smoke. 

 Smoke-free CFD-calculations 
The air flows in the entire system of connected traffic tubes have been mapped systematically. 
The focus is on the influence of the different fan clusters (system input) on the resulting air 
flows in the system of tunnel tubes (system output). This determines the (degree of) 
controllability of the system. 

For presentation purposes the resulting airflows in the tunnels are translated to schematic 
diagrams, see figure 3-5. 

 
Figure 3-5 A) resulting airflows in CFD simulation; B) Schematic representation of the CFD results. 

Over 10 different scenario’s, with mixed conditions regarding inflow from the main tubes, 
ventilation settings in the junctions and traffic conditions yield the following main findings 
based on ‘cold’ smoke-free simulations: 

 The volume flows in the two main tubes have a dominant influence on the system 
behaviour of air flows in the Oosterweel junction and are therefore also dominant in 
whether or not the required air flows and speeds in the various ramps are met. A correct 
balance is a strict requirement for the airflow in the incident ramp. 

 Switching tunnel clusters on or off in a non-incident ramp can have a major (positive or 
negative) influence on the airflow speed in the incident ramp. 

 In the event of an incident in one of the ramps, an excessive volume flow in the non-
incident ramp can block the airflow in the incident ramp. 

 The results of the 'cold runs' confirm the results of the previously made pressure balance 
analyses, where this concerns the distribution of an airflow at a split. 

 Based on the airflow and system analysis (the 'cold runs'), only the basic information is 
acquired. This analysis only determines the system behaviour and the mutual influence 
of the tunnel tubes. To determine whether there is sufficient smoke control, additional 
CFD analyses are required, in which a fire source is also modelled ('Hot Runs'). 

 CFD-calculations including fire and smoke simulation 
The actual possibilities to control smoke are calculated using a 'hot run' CFD analysis. The 'cold 
run' analyses showed that the volume flows in the two main tubes (TKZO-RG & TKZB-LG) 
have a dominant influence on the system behaviour of air flows in the Oosterweel junction and 
were therefore also considered dominant in whether or not the required airflows will be met in 
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the various ramps. The translation of the system behaviour of the air flows in the various ducts 
into a usable ventilation strategy is done in this step of the process. Several ventilation strategies 
are calculated for one fire incident scenario. The situation in which the exit TKZO-RA is the 
incident tube has been analysed. This situation is considered to be the characteristic case, as the 
'cold run' analyses showed that realizing sufficiently large air flows in the exits could be critical. 
A 50 MW fire is simulated. Different ventilation strategies have been simulated. The inflow 
conditions from the main tunnel tubes are varied, since the cold simulation showed that these 
have a dominant influence on the system behaviour. 

 
Figure 3-6 Ventilation strategies: A) Standard; B) Balanced, with congested traffic in main tube (TKZO-RG); C) Balanced, 
without traffic in main tube (TKZO-RG); D) Balanced and economic, without using full power. 

The main findings of hot-run CFD calculation of a 50 MW fire scenario in the exit lane TKZO-
RA are: 

 With standard ventilation strategy (Fig. 3-6 A): 
o Complete smoke control in incident ramp; 
o Smoke backlayering in adjacent ramp TKZB-LA; 
o Escalation of incident to main tube TKZB-LG_2. 

 With an adapted 'balanced' ventilation strategy (Fig. 3-6 B & C): 
o No smoke in KZ main tubes; 
o No backlayering in adjacent ramp (TKZB-LA); 
o Backlayering in incident ramp for lower flow rate in TKZO-RG (Fig. 3-6 B); 
o No backlayering in the incident ramp and full smoke control with a balanced 

inflow in the main tubes TKZO-RG and TKZB-LG (Fig. 3-6 C). 
 With a balanced energy-efficient ventilation strategy (Fig. 3-6 D): 

o No smoke in KZ main tubes; 
o Limited backlayering in adjacent ramp (TKZB-LA); 
o No backlayering in the incident ramp and full smoke control with a balanced 

inflow in the main tubes TKZO-RG and TKZB-LG. 

4. PRACTICAL IMPLEMENTATION OF VENTILATION STRATEGY 

 Ventilation strategy 
The calculations discussed in section 3.5 all relate to the same incident location. In order to 
come to a practical ventilation strategy for the Kanaalzone tunnels, the method was applied on 
fire locations in the other tubes and ramps. This results in the so-called “Tunnel reflex matrix”: 
an elaborate matrix in which the fire locations are listed in the columns and the ventilation 
clusters in the rows (figure 4-1). The cells then indicate how the fans of each specific cluster 
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have to be activated in the specific fire scenario. Based on this matrix the total power available 
in the electrical system has been analysed. 

 
Figure 4-1 Tunnel reflex matrix for the Kanaalzone tunnels. 

 Coherence with related management- and technical systems 
In the safety concept of the Kanaalzone tunnels, the tunnel ventilation system plays an 
important role. The concept is based on self evacuation via escape galleries next to the traffic 
tubes and ramps. It assumes that upstream of a fire location the traffic gets congested and people 
have to evacuate, while downstream the traffic is able to leave the tunnel. This concept works 
together with the traffic management system that takes care of the traffic handling downstream 
of the fire location and the tunnel ventilation that guarantees a smoke-free escape route 
upstream towards the escape gallery (in which over pressure is applied to prevent smoke 
inflow). Integrating the tunnel ventilation system with the other safety systems results in a 
robust safety concept for the complex Kanaalzone tunnels. 

5. CONCLUSIONS 

The main findings of the tunnel ventilation design process for the complex Kanaalzone tunnels 
can be summarized as follows: 

 Full jet-power on all fans is not always the best solution for smoke control in intertwined 
tunnel tubes. 

 Air balances between the tubes are a dominant factor for effective smoke control in 
interconnected ramps  and are affected by a wide range of sensitive parameters. 

 Interconnected tunnel tubes require a fan control strategy on cluster level instead of on 
tube level. 
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ABSTRACT 
With a length of 8,650, the La Linea tunnel is the longest road tunnel crossing the central Andes 
mountain range in Colombia, with one tube for unidirectional traffic, connected via several 
cross passages with the parallel rescue tube. In 2016, at the beginning of the study, the civil 
works were concluded and the tunnel equipment had to be defined. According to relevant 
regulations and guidelines, the tunnel would require a transversal ventilation system. However, 
in the tunnel were no provisions for the implementation of such a ventilation system, 
respectively an intermediate ceiling for an air duct. In the ventilation study, different ventilation 
concepts were investigated. The aim was to identify the most appropriate ventilation system for 
normal operation and in case of fire. The equivalency of each alternative ventilation system 
including additional required risk-mitigation measures was investigated by a detailed 
quantitative risk assessment study. Thereby, the Austrian Tunnel Risk Model (TuRisMo) 
according to RVS 09.03.11 was used as a decision-making tool for the ventilation design and 
other safety-related aspects. The results obtained from the quantitative risk assessment study as 
well as the ventilations study show that the longitudinal ventilation system is the best and most 
suitable ventilation concept for the La Linea tunnel.   

Keywords: Tunnel risk assessment, transversal and longitudinal ventilation system, road 
tunnel, decision-making tool. 

1. INTRODUCTION

The La Linea tunnel is the longest tunnel of the 24 tunnels which are part of the project 
“Crossing the central mountain range”. The 8,650 m long tunnel system has one traffic tube for 
unidirectional traffic which is connected via 16 cross passages (connecting galleries) with the 
parallel rescue tube. The traffic is operated in uphill direction at a slope of 1%. The tunnel is at 
an average altitude of about 2,450 m above sea level and is part of a main transport route of the 
country. The predicted traffic for 2036 is approximately 5,747 vehicles per day. 

The La Linea tunnel has a long design history since the 1990 decade: Several different options 
for a ventilation system have been studied and proposed. Finally it was intended to implement 
a semi-transversal ventilation system. At the beginning of this study in 2016, the tunnel was in 
the final phase of construction, with finalized civil works, without equipment and installations 
at this stage. Normally, the decision on the ventilation system is taken in an early planning 
phase, because it provides an important basis for defining the requirements for the design of the 
civil structures of a tunnel (like tunnel cross section). In particular, the implementation of any 
smoke extraction system requires the provision of a properly dimensioned air duct (for smoke 
extraction) in the upper part of the tunnel cross section. However, as the project was already in 
an advanced stage of realization, the cross section could not be modified any more. These 
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boundary conditions provided considerable constraints for the decision on the ventilation 
system. 

2. INITIAL SITUATION 

As the project was already in an advanced stage of realisation, the cross section could not be 
modified anymore. Referring to the key design parameters for fire for a semi-transversal 
ventilation a cold exhaust flow rate of 211 m3/s would be required (see Figure 1 – concept 1). 
In principle the existing tunnel cross section would provide sufficient space above the traffic 
clearance gauge to achieve this design objective, but then no space would be available for the 
implementation of the planned overhead signalling system (according to international state of 
the art and regulations – see for instance RVS 09.02.22 [1] – the lane dependant traffic signs 
must be positioned on top of its corresponding lane). Vice versa, providing the space required 
for the installation of the overhead signalling system would reduce the capacity of the smoke 
extraction system to 84 m3/s, which would impede its efficiency considerably (see Figure 1 – 
concept 2).  

 
Concept 1: Smoke extraction – Option 1 (211 m³/s) 

 
Concept 2: Smoke extraction – Option 2 (84 m³/s) 

 

 
Concept 3: Longitudinal ventilation system 

Figure 1: Alternative ventilation concepts feasible in existing tunnel profile 

Therefore, a detailed quantitative risk assessment model was used as an decision-making tool 
to investigate different possible ventilation systems and define the most appropriate ventilation 
design and other safety-related aspects.  

3. TWO DIFFERENT APPROACHES TO TUNNEL SAFETY 

According to international best practice (see for instance PIARC reports “Risk analysis for road 
tunnels” [2], “Current practice for risk evaluation for road tunnels” [3]) two different 
approaches are applied to guarantee a satisfying level of tunnel safety, which are as well 
relevant for the selection of important safety systems like tunnel ventilation: (a) The 
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(traditional) prescriptive approach, based on technical design guidelines, providing technical 
specifications of the safety features of a tunnel; the underlying safety principle of this approach 
postulates, that a tunnel is sufficiently safe, if these technical specifications are met. However, 
even if all requirements are fulfilled there is a residual risk, which is not specifically addressed 
in this approach; and (b) the (innovative) risk-based approach, based on a structured, 
harmonised and holistic safety analysis of the whole tunnel system, considering all safety-
relevant specific characteristics of an individual tunnel. A tunnel is considered as sufficiently 
safe, if predefined risk criteria are met.  

These two approaches shall be used as complementary elements of tunnel design (see PIARC 
report “Current practice for risk evaluation for road tunnels” [3]). These two different 
approaches are as well established in up to date international tunnel regulations, like the EC-
Directive 2004/54/EC [4]. The EC-Directive 2004/54/EC on Minimum Safety Requirements 
for Road Tunnels is a regulatory framework which is mandatory for all EU member states; it 
has been implemented in the national legislation of all countries. The EC-Directive 2004/54/EC 
defines in Annex I a list of mandatory safety measures, also addressing ventilation aspects; 
defines in Article 13 the requirement for a risk analysis; and establishes the principle of 
compensation: if a prescriptive requirement cannot be met for relevant reasons, this can be 
compensated by alternative measures, if it can be demonstrated by a risk analysis, that at least 
the same level of safety can be achieved. National guidelines may be stricter and more detailed, 
but must be within this frame work. 

4. RELEVANCE OF TUNNEL LENGTH WITH RESPECT TO DECISION ON 
VENTILATION SYSTEM 

 EC-Directive 
In the European Directive 2004/54/EC [4] there are no general length limitations for 
unidirectional tunnels with longitudinal ventilation systems. The only length limitations for 
longitudinal ventilation (>1000m) refers to traffic parameters – bidirectional traffic or 
unidirectional traffic with regular congestion (due to traffic overload). The traffic study for the 
La Linea tunnel [5] confirms, that even in the long-term perspective the expected peak hour 
traffic will be clearly below the capacity of the tunnel. In all future peak hour scenarios 
investigated the level of saturation will be clearly below 50%. Additionally, in the risk 
assessment study requirements are defined (regarding the position of the toll station) to award 
building up of a queue of vehicles in the tunnel exit zone, which may reach back to the tunnel 
exit portal. Hence, the basic conditions for the implementation of a longitudinal ventilation 
system in La Linea tunnel are met. 

 National guidelines 
In some European countries there are national tunnel design guidelines – in addition to the EC-
Directive; in many cases, these national guidelines are older than the EC-Directive. Some of 
these guidelines have length limitations for the application of longitudinal ventilation systems 
in unidirectional tunnels. The main reason for these limitations was that in the past the fresh air 
supply during normal operation due to the high emission level of old vehicles could be a limiting 
factor, because the maximum permissible air velocity in the tunnel could be exceeded.  

In Austria – like in some other European countries - there is a set of national technical guidelines 
(RVS) relevant for elements of civil tunnel structure and tunnel equipment (including 
ventilation). These guidelines are continuously updated, implementing new findings and 
developments. In older versions of RVS 09.03.11 [6] the application of longitudinal ventilation 
systems for unidirectional tunnels was limited to tunnels shorter than 3,000 m. In an update 
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(2014) of national guidelines (RVS 09.02.31 [7]) these limitations have been adapted as 
follows: In general, RVS 09.02.31 suggests for unidirectional tunnels longer than 5,000 m a 
semi-transverse ventilation system. However, an alternative ventilation system is permissible, 
if the equivalency is confirmed by means of a risk analysis. These regulatory definitions define 
the requirements for risk assessment as well as the conditions for the acceptability of a 
longitudinal ventilation system from a risk-based perspective: In the risk assessment it has to 
be demonstrated that the risk of the tunnel with longitudinal ventilation (including additional 
risk-mitigation measures required) is equal to or less than the risk of the tunnel with semi-
transversal ventilation; thus defining the semi-transversal ventilation as reference case relevant 
for risk evaluation. 

 Technical aspects 
In addition to the regulatory aspects, also technical aspects have to be considered when 
designing a ventilation system for a (long) unidirectional road tunnel. 

Fresh air demand 

The fresh air demand depends on the emissions of the vehicles in the tunnel. The number of 
vehicles in the tunnel is a function of the hourly traffic volume and the tunnel length. The longer 
the tunnel, the more vehicles are inside the tunnel at the same time. Hence, a long tunnel 
requires more fresh air than a short tunnel.  

The amount of fresh air itself is no restriction for any ventilation system. However, guidelines 
like the PIARC, NFPA, the German RABT or the Austrian RVS limit the maximum 
longitudinal air velocity in the tunnel. Since a high fresh air demand causes a high longitudinal 
air velocity in the tunnel, the maximum amount of fresh air is indirectly also limited by the 
velocity limitation. Therefore, the application of ventilation systems with a fresh air supply via 
the tunnel portals like a longitudinal ventilation system or a semi-transverse ventilation system 
has limits. Thus, for long tunnels with a high fresh air demand a transverse ventilation system 
may be required for normal operation. In case of the La Linea Tunnel it could be demonstrated 
that the required amount of fresh air allows to apply a longitudinal ventilation system (see 
chapter 6) 

Pressure loss caused by wall friction 

The friction between the flowing air and the static concrete walls causes a pressure loss, which 
has to be overcome by the ventilation system. The pressure loss rises if the length of a 
tunnel/exhaust duct gets longer and if the cross section gets smaller. In case of a longitudinal 
ventilation system a long tunnel causes a higher pressure loss than a short tunnel. That is why 
a long tunnel requires more jet fans for reaching a required air velocity than a short tunnel. 
However, the application of a longitudinal ventilation system is not restricted by the required 
amount of jet fans. For a semi-transverse ventilation system there is a pressure loss in the main 
tunnel and in the exhaust duct. The longer and the smaller the exhaust duct, the higher is the 
pressure loss along the duct while extracting air and the higher is the pressure difference 
between the exhaust duct and the main tunnel. The maximum permissible pressure difference 
between the exhaust duct and the main tunnel is limited by guidelines for technical reasons (e.g. 
by the Austrian RVS 09.02.31 to 3,000 Pa). This limitation restricts the application of a semi-
transverse ventilation system 

 Safety Aspects 
From the safety perspective only fire incidents are relevant for the decision on the ventilation 
system. The EC-Directive as well as national guidelines limit in general the application of 



- 261 - 
 

11th International Conference ‘Tunnel Safety and Ventilation’ 2022, Graz 
 

longitudinal ventilation systems to unidirectional tunnels which do not have congested traffic 
(with some exceptions under specific conditions – see chapter 4.1 and 4.2). This regulation 
refers to the fact, that in case of a fire incident, vehicles in front of the fire should be able to 
leave the tunnel without problems, if the traffic is not congested. In this respect two different 
scenarios for congested traffic need to be distinguished:  

 Congestion due to traffic overload: Stop-and-go traffic caused by insufficient capacity 
of the tunnel itself or road sections downstream of the incident location. This type of 
congestion excludes the application of longitudinal ventilation for longer tunnels. 

 Evolving congestion after a previous initial event: Congestion caused by an initial 
event, like vehicle breakdown or collision. This type of congestion may happen in every 
tunnel and cannot be excluded. Therefore, this type of congestion is not meant by the 
regulatory requirements mentioned above.  

However, both congestion types lead to different fire scenarios with different probability of 
occurrence, exposition (number of vehicles potentially affected) and preconditions for smoke 
propagation. Especially in the latter, there is an influence of tunnel length. Hence, the 
consequences of this scenario need to be specifically addressed in a quantitative risk assessment 
study. 

5. RESULTS OF RISK ASSESSMENT STUDY 

Taking the conditions and requirements defined in chapter 3 as basis, a quantitative risk 
assessment study was performed for the La Linea tunnel. For that, the Austrian Tunnel Risk 
Model TuRisMo (defined in RVS 09.03.11 [6]) was applied, following the principles defined 
by PIARC for the risk assessment process.  

The risk assessment study was performed for the 3 ventilation systems shown in Figure 1. The 
risk evaluation was carried out using a relative approach: The tunnel options which shall be 
investigated were compared to the risk value of an idealised reference tunnel defining the 
“reference risk profile” (see Figure 2). Following the definitions in the ventilation design 
guideline RVS.09.02.31 [7] for the decision on the ventilation system of La Linea tunnel, the 
reference tunnel is a tunnel with a semi-transverse ventilation system with a exhaust flow rate 
of 211 m3/s (see chapter 2) – an ideal case, without taking into account possible consequences 
of space requirements in cross section.  
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Figure 2: Quantitative risk assessment study – final results 

These results can be interpreted as follows: The optimum semi-transverse smoke extraction 
system (Concept 1: “STR-Reference”) defines the reference risk profile. A realistic but 
restricted semi-transverse smoke extraction system (Concept 2: “STR-Restricted”), taking into 
account the space requirements, considerably exceeds the reference risk profile (due to high fire 
risk as a consequence of a restricted smoke extraction capacity). The longitudinal ventilation 
system (Concept 3: “LONG”) slightly exceeds the reference risk profile due to a slightly higher 
fire risk. 

Therefore, additional risk mitigation measures are required to allow the use of a longitudinal 
ventilation system from a risk perspective. A more detailed analysis of the fire risk of Concept 
3 revealed, that a relevant share of risk is due to secondary fire scenarios (influence of tunnel 
length – high number of vehicles still moving in the tunnel – increased likelihood of secondary 
collisions and fires). Hence, the additional measures are proposed to reduce this specific part of 
the risk: stop vehicles in tunnel as soon as possible by implementing additional traffic barriers 
at the tunnel portal and 16 traffic signals throughout the tunnel – thus, reducing exposition of 
vehicles to a potential fire. During the adaption of the Austrian tunnel model TuRisMo 
respectively RVS 09.03.11 both, the time for vehicles to stop in front of a red light as well as a 
in front of a traffic barrier were discussed. Based on the experience of Austrian tunnel operators 
it takes approximately 30 seconds to stop in front of a red light. When using a traffic barrier it 
was assumed, that this time is reduced to zero. Of course, the time to detect the incident and 
react has to be added (e.g. 60 seconds). Due to the faster stopping time less vehicles enter the 
tunnel and less people are exposed in case of a fire. In addition, traffic signals inside the tunnel 
stop vehicles in regular distances and increase the distance of people to the fire location. Since 
the traffic signals (and additional vehicle queues) are located next to the emergency exits, the 
evacuation time in the tunnel is increased. The results show that this specific measure was able 
to reduce the risk of the tunnel with longitudinal ventilation below the reference case.  
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6. RESULTS OF FRESH AIR DEMAND CALCULATIONS 

The amount of required fresh air depends on the traffic volume through the tunnel. Hence, the 
fresh air demand is the same for all ventilation concepts. As with a longitudinal ventilation 
system the fresh air supply underlies some limitations (due to tunnel length), this requirement 
is crucial for the assessment of the feasibility of a longitudinal ventilation system. Hence, an 
investigation of the fresh air requirements to meet the air quality limits in the tunnel, which is 
necessary for carbon monoxide (CO) and visibility in the conceptual ventilation design, and 
result in a minimum flow rate has been performed. Particle emission rates are used for the 
calculation of fresh air to meet the visibility limits. The NO2/NOx concentration is not 
considered for the fresh air demand, what is state of the art for European and North-American 
road tunnels. The reason for the neglect of the NOx concentration is it’s irrelevance for short 
term exposure. The fresh air calculation defines the minimum flow rate and is set up for 
different speeds for CO and turbidity. Due to the increasing number of vehicles equipped with 
catalytic converters. CO emissions have decreased. Therefore, in most cases the visibility due 
to particulates (exhaust and non-exhaust) is relevant for the ventilation design. 

Under the assumption of a traffic control system that can limit the minimum collective vehicle 
speed to 10 km/h, the design flow rate for normal operation was calculated to 211 m³/s. This 
flow rate is equal to a longitudinal air velocity of 2.8 m/s. The design flow rate for maintenance 
operation is calculated by applying a limiting value of 0,003 m-1 according to PIARC and is 
375 m³/s. Due to the high fresh air demand for maintenance operation, maintenance works shall 
be performed during low traffic hours to avoid too high air flow rates. The minimum required 
air velocity in the tunnel according to the PIARC for normal operation is 1.5 m/s. According to 
the guideline NFPA 502 [8] maximum air velocities in the traffic tunnel during normal 
operation should be less than or equal to 11 m/s. Hence, the fresh air demand can be provided 
without exceeding maximum velocity limits. According to the calculation results all vehicle 
speeds down to 10 km/h can be handled by the ventilation system. The calculation results are 
summarized in Table 1 

Table 1: Required jet fans for normal operation 

collective vehicle speed number of required activated jet fans 
[km/h] traffic scenario with max HGV-

percentage 
traffic scenario with 

maximum traffic 
≥50 km/h self-ventilated self-ventilated 
40 km/h self-ventilated 4 
30 km/h 2 6 
20 km/h 6 10 
10 km/h 11 14 

7. SUMMARY AND CONCLUSIONS 

A risk assessment study was performed in order to investigate and quantify the influence of 
different ventilation systems on the risk, and used as a decision-making tool on the ventilation 
design. The study compared an reference smoke extraction system (=fulfilling all guidelines) 
with a realistic smoke extraction system and a longitudinal ventilation system. The results show, 
that from a safety point-of-view the realistic smoke extraction system (taking into account the 
space requirements in the La Linea tunnel) considerably exceeds the reference risk profile and 
cannot be taken into consideration. Furthermore it was demonstrated, that the fresh air supply 
of La Linea tunnel can be guaranteed by an adequately designed longitudinal ventilation system.  



- 264 - 
 

11th International Conference ‘Tunnel Safety and Ventilation’ 2022, Graz 
 

Besides the safety aspects the longitudinal ventilation system is superior to the semi-transverse 
ventilation system regarding the following: the reliability of the system; the simple ventilation 
control; the power consumption during emergency operation and therefore a less costly energy 
supply system; the combination with a simple and effective pressurization system for the rescue 
tunnel; the testing and commissioning effort; the required space for overhead traffic signs; the 
investment costs. 

The results obtained from the quantitative risk assessment study as well as the ventilations study 
showed, that the proposed longitudinal ventilation system is the best and most suitable 
ventilation concept for the La Linea tunnel. Therefore, that was the system that finally was 
implemented and operates with no issues since September 2020. 

8. REFERENCES 

[1] Österreichische Forschungsgesellschaft Straße-Schiene-Verkehr, „RVS 09.02.22 
Tunnelausrüstung“, 28.05.2014 

[2] World Road Association (PIARC), Technical Committee 3.3 Road Tunnel Operations, 
“Risk analysis for road tunnels,” 2008. 

[3] World Road Association (PIARC), Technical Committee 3.3 Road Tunnel Operations, 
“Current practice for risk evaluation for road tunnels,” 2013 

[4] Directive 2004/54 / EC of the European Parliament and of the Council „on minimum 
safety requirements for tunnels in the trans-European road network“; Brussels, 
29.04.2004  

[5] Estudio de Tránsito para El Túnel, UT DGG, Bogota, Septembre 2016 

[6] Österreichische Forschungsgesellschaft Straße-Schiene-Verkehr, “RVS 09.03.11 Tunnel 
Risk Analysis Model”, 2015 

[7] Österreichische Forschungsgesellschaft Straße-Schiene-Verkehr, “RVS 09.02.31 Tunnel 
Ventilation”, 01.06.2014 

[8] National Fire Protection Association NFPA 502, Standards for Road Tunnels, Bridges, 
and Other Limited Access Highways  



- 265 -

11th International Conference ‘Tunnel Safety and Ventilation’ 2022, Graz 

TESTING THE THRUST OF JET FANS IN A WIND TUNNEL 
Tomasz Burdzy1, Wojciech Węgrzyński1, Marek Borowski2,   

1 Fire Research Department, Building Research Institute (ITB), Poland.  
2 AGH University of Science and Technology, Krakow, Poland. 

ABSTRACT 

In this research item we present a comparison on the calculated theoretical thrust of jet-fans and 
the values measured on a test station located within a high-velocity wind tunnel. The aim of 
this research was to perform a direct measurement of the thrust of the jet fan, along with the 
electrical parameters of the fan motor and direct velocity measurements in the jet fan stream, 
in an environment with a pre-defined air velocity (wind tunnel). The research was performed 
on two types of jet-fans ((1) 355mm diameter, approx. 37 N nominal thrust and (2) 50 mm 
diameter, approx. 2,8 N nominal thrust). The jet fans were placed in a boundary layer wind 
tunnel, in a test section of approx. 4 x 3 x 10 m (W x H x L). As the wind tunnel has a rectangular 
cross section, different locations of the jet-fans were tested (bottom, middle), to unravel the 
effect of the configuration factor on the jet fan performance. The inlet air velocity varied from 
0 m/s to 20 m/s. The goal of this research was to identify the performance characteristic of jet-
fans, related to the ambient air velocity. This subject is important in the estimation of the jet-
fan performance in analytical methods (such as PIARC manual) or in 1D modelling systems. 
Furthermore, the estimation of such performance is highly relevant to the use of jet-fans in 
ventilation ducts, as a mean to reduce the required operational pressure of exhaust fans in a long 
tunnels with transversal ventilation systems. The presented work will give an overview of the 
standardized methods for measuring and calculating the thrust of jet-fans, the results of the 
measurements performed in the road tunnel and a numerical analysis of a long exhaust duct 
with jet-fans installed (with and without modifications introduced after the wind tunnel tests). 

Keywords: thrust, ventilation design, road tunnels systems, longitudinal ventilation, 

1. INTRODUCTION
Tunnels built in Poland in most cases have longitudinal ventilation. The selection of appropriate 
jet fans is still very difficult due to the variability of their parameters in relation to the prevailing 
conditions inside the tunnel. Their effectiveness depends on the temperature, the flow velocity 
of the surrounding air as well as their location in relation to the tunnel geometry. 
In longitudinal ventilation systems, the most important task is to maintain the appropriate flow 
velocity, necessary to maintain appropriate conditions in the comfort or fire ventilation mode. 
So the most important thing in the selection and design of jet fans is the appropriate 
determination of their ability to force flow in the tunnel. When fans are installed in a tunnel, 
their effective thrust will be limited compared to the value measured in ISO 13350. This is due 
to unfavorable fan placement (versus near walls and ceiling), non-centric placement within 
cross-section the tunnel and the ambient air velocity in the tunnel. These factors were 
investigated in this study. 

2. MEASUREMENT INSIDE THE WIND TUNNEL
The measurements were based on continuous and simultaneous measurement of thrust, air 
velocity in the tunnel with temperature and fan power consumption. The thrust was measured 
in the fan axis, above the fan, while it was hanging freely on the lines (see figure 2 and 3). The 
power consumption of the fan with a diameter of 355 mm was measured separately for each 
phase. The fan was tested in the configuration of star "Y" (1st gear) and double star "YY" (2nd 
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gear) at 50Hz power frequency. The Y configuration gives approximately half of the volume 
flow of the YY configuration. Additional variable was the location of the fan within the tunnel, 
as shown on Fig. 1. The smaller jet fan (50 mm, 2,7 N) was installed in various configurations 
near the floor of the tunnel, and also in a configuration of the pair of devices see Fig. 3, right. 

 
 Figure 1: Measuring station, three measurement levels for jet fan 355mm, and 

three levels for jet fan 50 mm. 
 
 
 
 
 
 
 
 

 
Figure 2: Thrust measurement (left) Jet Fan 355mm on the station (right) 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 3: Power consumption measurement  (left) A pair of jet fans 50mm (right) 
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All the measured thrust forces were brought to comparative values, ie. multiplied by (1,2/ρ) in 
accordance with [1]. Moreover, the thrust force determined theoreticaly, i.e. according to the 
formula, has been introduced: 

𝑇 ൌ 𝑚ሶ ∙ ሺ𝑣௝௘௧ െ 𝑣௔௠௕௜௘௡௧ሻ 

Table 1. Theoretical thrust data        Table 2. Jet fan data to determine theoretical thrust 

𝑇 N thrust   𝑣௝௘௧ 𝑇 

𝑚ሶ  kg/s mass stream 355, YY 2nd gear 18.08 37.34 

𝑣௝௘௧ m/s velocity in jet fan 355, Y 2nd gear 9.04 9.41 

𝑣௔௠௕௜௘௡௧ m/s ambient velocity 50, 1920x125 34.3 2.75 

    50, 1860x125 30.3 2.16 

 
Theoretical thrust was always determined based on the thrust given by the manufacturer or 
measured outside the wind tunnel. The same as it is in design practice see table 2. 

3. RESULTS 
During the measurements in the “Y” configuration, the thrust in the range of about 5÷6 m/s 
corresponded to the theoretical thrust force. When measuring in the “YY” configuration, the 
thrust was always 0 N before the ambient velocity reached 14 m/s. The electric power 
consumption always decreased insignificantly with the increase of the ambient velocity.

 
Figure 4: Measurement results for a 355mm jet fan in “Y” configuration.  

Theoretical thrust  
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Figure 5: Measurement results for a 355mm jet fan in “YY” configuration.  

 

Theoretical thrust  
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Figure 6: Clipping measurement results for a 355mm jet fan in “YY” configuration.  

On the figure of the results from the YY configuration, it can be seen that the thrust force in 
each case for that particular jet fan had a greater value without the deflector than with the 
deflector. 

 
Figure 7: Detail of the deflector. Lamellas 0.1 m wide and 0° angle with respect to the 

flow axis 
 

Theoretical thrust  
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Figure 8: Power consumption measurement for a 355mm jet fan in “YY” configuration.  
Figure 7. The jet fan gets its power from the mains also when its thrust is 0 N as it still generates 
the flow. 

 
Figure 9: Measurement results for a 50mm jet fan in 1920x125 configuration (brushless motor). 

Theoretical thrust  
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Figure 10: Measurement results for a pair of 50mm jet fans in 1860x125 configuration 
(brushless motor). 

Figure 11: Measurement of ambient velocity during a 355mm jet fan working. Forcing the flow 
in the wind tunnel only by jet fan. 
Induced air speed is highest if a deflector is used, but for the position 0,72mabove the floor the 
induced air speed is highest without a deflector (same tendency for the Y and YY -
configuration). The reason is that the induced air speed is a result of both the theoretical thrust 

Theoretical thrust  
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of the jet fan and the mounting factor as a measure for the efficiency of thrust conversion to 
genrating the flow. 

 
Figure 12: Measurement of thrust a 355mm jet fan. Forcing the flow in the wind tunnel 

only by jet fan. 
Figures 11 and 12 relate to the same measurements who were taken when the fans of the wind 
tunnel were off. So the ambient velocity was induced by the jet fan 355 installed inside the wind 
tunnel. The magnitude of the generated speed and the approximate air flow in the wind tunnel 
are shown in Fig. 11. The flow generated in this way influenced the inlet of the jet fan, thereby 
reducing its thrust slightly see fig.11. It works like a feedback loop. 

 
Figure 13: Obstruction in front of jet fan outlet 

The thrust remains constant regardless of obstructions in front of the jet fan outlet fig. 13 as 
long as the fan is able to maintain its own flow. Parallel rough surface of the tunnel wall in 
relation to the flow does not affect the thrust. 

4. CONCLUSIONS 
Theoretically determined thrust from a practical design perspective may deviate significantly 
from actual flows in the higher velocity range f.e. above 6÷7m/s. In practice, however, design 
speeds are below 5 m/s. 
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In Figure 11 it can be seen that the same fan suspended at different heights generates different 
amounts of flows in the tunnel by induction. Flows differ from one another many times, 
although the thrust force varies slightly depending on the location above the floor in Fig. 12. 
The thrust force does not determine the ability to induce air by the jet fan, nor the value of the 
generated flow. 
There are many analytical factors in the literature that define the efficiency of jet fans depending 
on their location. On the basis of these measurements, it can be concluded that they relate to a 
large extent to the efficiency of generating the flow expressed by the basic value of the thrust 
force, and not to the thrust itself in practical terms. 
In the practical design the thrust of the fan may not reach the expected value, due to installation 
factors and the loss of thrust with the airflow within the tunnel. The experiments performed 
here will be expanded to measure the flow generated by the jet fans, in order to determine the 
most efficient way to induce flow in tunnels.  
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MEASUREMENTS AND CFD CALCULATIONS WITH A MOJET AND A 
CONVENTIONAL JET FAN 
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ABSTRACT 
A series of measurements were undertaken with a 1.25m internal diameter, fully reversible jet 
fan in a factory and in the Rendel Street branch of the Mersey Queensway tunnel in Birkenhead, 
England. The jet fan was fitted with conventional and shaped (MoJet) silencers on both sides 
of the fan. The MoJet silencers were designed to deflect the airflow away from the tunnel soffit, 
in order to reduce the friction between the discharged jet and the soffit. The measurements 
showed an increase in the in-tunnel MoJet thrust of nearly 30%, compared to the conventional 
jet fan. The power consumption figures of the MoJet and the conventional jet fan were 
approximately the same, both in factory tests and in the tunnel, within the defined uncertainty 
limits. The measured tunnel velocities were very close to the results of detailed 3D CFD 
calculations using ANSYS Fluent, which incorporated the full geometry of the jet fan (including 
the rotating blades) and the tunnel. Our measurements imply that the MoJet can be employed 
to reduce the number of jet fans and to decrease the power consumption required for 
longitudinal tunnel ventilation. 

Keywords: Jet fan, MoJet, aerodynamics, thrust, power, CFD, Coanda, installation factor 

1. INTRODUCTION

Jet fans are the most commonly used means of generating mechanical ventilation in tunnels. 
This is because of the relatively low capital costs associated with jet fans compared to 
alternative technologies (such as transverse or semi-transverse ventilation systems), since the 
alternatives generally require the construction of ventilation stations, shafts and ducts, and 
thereby entail higher construction costs. Despite the attraction of the jet fan solution from a 
capital cost perspective, the operating and maintenance costs of jet fans can be 
disproportionately high. This is partly due to inherent inefficiencies with conventional jet fans, 
with typical installations wasting over half the supplied electrical power, Ref. [1]. This 
inefficiency is due to two main reasons: aerodynamic friction between the jet discharged by jet 
fans and neighbouring tunnel surfaces, exacerbated by the Coanda effect, and the unloading of 
jet fans due to ingestion of high-speed jets from upstream jet fans, Ref. [2].   

The MoJet is the latest innovation that has been implemented to improve the in-tunnel thrust 
delivered by jet fans and thereby to significantly improve their overall efficiency. MoJets 
incorporate shaped silencers, which direct the discharged flow away from adjacent tunnel 
surfaces, whilst avoiding flow separation at the intake silencer, Ref. [3]. Measurements with 
unidirectional MoJets installed within corners of a rectangular tunnel were shown to deliver 
100% more in-tunnel thrust than conventional jet fans, Ref [4]. The study in this paper relates 
to aerodynamic measurements with a fully reversible MoJet and a conventional jet fan installed 
in a horseshoe-shaped tunnel. 

The factory and tunnel measurements reported here were carried out by TLT-Turbo GmbH. 
The design of the MoJet and the 3D CFD calculations were undertaken by Mosen Ltd. 
Assistance with the aerodynamic measurements was provided by the Technical University at 
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Aachen. The tunnel measurements were undertaken with the kind permission of the public-
sector transport provider for the Liverpool region, Merseytravel.  

2. MOJET DESIGN 

Our study was based upon a 1.25m internal diameter fan, with 10 blades mounted on the rotor. 
Two different sets of silencers were attached to this fan: conventional 1D (1.25m long) silencers 
and MoJet silencers with the same lower edge length as for the conventional jet fan. The outside 
diameter of the MoJet (1.65m) was the same as that of the conventional jet fan. 

 
Figure 1: MoJet used in this study (dimensions in mm) 

3. TUNNEL TEST ARRANGEMENTS 

 

 

Figure 2: Locations of installed jet fan in tunnel (red=conventional jet fan, blue=MoJet), with dimensions in mm 

The tests were undertaken in the disused branch Rendel Street branch of the Queensway Tunnel 
which connects the Birkenhead to Liverpool. The tunnel has two lanes, and has a horseshoe 
profile (figure 2). The total length of the branch tunnel is approximately 500 m. From the 
junction with the main tunnel, the branch tunnel runs straight for about 270 m. After that, there 
are two slight curves with intermediate lengths of about 100 m. After the second curve up to 
the portal, the tunnel is straight again. Furthermore, the tunnel has a slight incline along its 
entire length. 

The jet fan was installed below the tunnel soffit, as shown in figure 2 and figure 3. The 
longitudinal axis of the fan was aligned parallel to the tunnel axis. The distance between the 
junction of the branch tunnel with the main tunnel to the location of the jet fan discharge was 
about 25 m. The clearance between the upper edge of the silencer and the tunnel ceiling was 
approximately 0.35 m. 

Portal 
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Figure 3: MoJet installation in the Rendel Street branch tunnel 

Velocity measurements were carried out at a distance of about 140 m downstream of the outlet 
from the jet fan over the entire tunnel cross–section. For that purpose, the velocities were 
measured at a total of 36 measuring points located at the tunnel cross section in accordance with 
the log-Tchebycheff distribution in BS EN ISO 5802:2008+A1:2015 (Ref. [5]). The locations 
of the velocity measuring points are shown in figure 4. 

 
Figure 4: Distribution of the velocity measuring points over the tunnel cross section 

Calibrated hot wire anemometers (Trotec BA30WP) were used, with Bluetooth connections to 
a tablet for data capture. Readings were taken every second for one minute at every 
measurement location, and then time-averaged.  

Background airflow measurements were taken before and after each of the two tests (with the 
conventional jet fan and with the MoJet). Corrections were then applied to the air velocities in 
the following manner: 

𝑉௘௙௙௘௖௧௜௩௘
ଶ ൌ  𝑉௔௩

ଶ േ 𝑉௕௔௖௞௚௥௢௨௡ௗ
ଶ        (Equation 1) 

In practice, the corrections due to background velocities were found to be very small. 
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4. MEASUREMENT UNCERTAINTIES 

The tunnel aerodynamic measurements were subject to systematic uncertainties (e.g. due to 
anemometer calibrations, direction of probes, finite number of measuring points) and to random 
measurement errors. We estimate that the random errors were within 3.5%, to 95% confidence 
in accordance with Ref. [5]. Most systematic uncertainties “cancelled out” due to comparative 
nature of exercise, since the same layout and measurement equipment was used for both the 
conventional jet fan and MoJet tests.  

5. FACTORY TESTS 

Prior to the tunnel tests, factory tests of the thrust and power consumption were undertaken for 
the conventional jet fan and the MoJet, in accordance with BS EN ISO 13350:2015 (Ref. [6]). 
Only the horizontal component of thrust was measured in these tests. The factory measurements 
are summarised in table 1 below. All measurements were referred to an air density of 1.2 kg/m3. 

Table 1: Factory measurements 

 Horizontal component of thrust in 
forward direction (N) 

Electrical power 
consumption (kW) 

Conventional jet fan 2221 87.6 
MoJet 2123 87.7 

 
The thrust and electrical power consumption values for the conventional jet fan and the MoJet 
are within the measurement uncertainties specified in Ref. [6] (±5% for thrust and ±2% for 
power consumption).  

6. TUNNEL TEST RESULTS 

The evaluation of the measured data results in the velocity profiles shown in figure 5. In both 
cases, the flow profile 140m downstream of the jet fan discharge is well developed and is 
reasonably evenly distributed over the tunnel cross–section. Certain areas with significantly 
higher velocities due to the discharged jet are not visible in either case, due to the long distance 
from the fan discharge. In the left part of the tunnel cross–section viewed in the direction of 
flow (right in figure 5), the MoJet reaches higher velocities overall. This is due to the swirl 
exhibited by the jet flow. Viewed in the direction of flow, the fan rotor turned in a 
counterclockwise direction. Since the discharged flow from the MoJet is deflected away from 
the soffit and towards the tunnel centre, this results in lower frictional losses. This allows the 
swirl to be maintained longer and to convey a larger volumetric flowrate in the left half of the 
tunnel cross–section. 

With the MoJet silencers, an average air velocity in the tunnel of 3.78 m/s was achieved 
compared to an average air velocity of 3.33 m/s with conventional silencers, i.e. a 13.5% 
velocity increase with the MoJet. Since the thrust ratio is proportional to the square of the 
velocity ratio, it follows that the MoJet delivered 28.9% more in-tunnel thrust than the 
conventional jet fan. Since velocity measurements are subject to random errors estimated at 
±3.5%, to 95% confidence (please refer to section 5 above), the measurements of the in-tunnel 
thrust will be subject to random errors estimated at ±7%. 

The electrically absorbed power for the MoJet during the test was measured at 87.5 kW, which 
is 1.7 % higher than with conventional silencers (86.0 kW). These two power consumption 
measurements are however within the uncertainty limits in Ref. 6 (±2%). 
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Figure 5: Measured velocity distribution for the conventional jet fan (in red) and the MoJet (in blue)  

7. 3D CFD CALCULATIONS 

The factory tests and tunnel measurements were modelled through 3D CFD, in order to better 
understand the flow physics and to gain confidence in future CFD modelling of similar cases.  

Steady-state CFD models were built using ANSYS Fluent version 2022R1 and the effects of 
turbulence were resolved using the two-equation k-ω shear stress transport model. A single 
blade set at a pitch angle of 39.5° and rotating at 1485 rpm was modelled, with periodic 
boundary conditions used to simulate the remaining blades. Mixing planes were applied 
upstream and downstream of the rotor. The turbulence in the blade’s boundary layer region 
were accurately captured by refining the computational grid with prism layers giving a 
maximum y+ value of 25. In addition, prism layers were generated for all other wall boundaries. 
The maximum y+ recorded for the bellmouth, the silencer and the internal components of the 
conventional jet fan and the MoJet was approximately 60. The jet regions were refined using 
conical refinement zones. The computational grid comprised approximately 6 million 
polyhedral cells for the bench thrust models and 9 million polyhedral cells for the tunnel 
models.  

In order to compute the tunnel cases efficiently, only the first 225 m length of the branch tunnel 
was modelled, and the main tunnel was not included in the simulations. Instead, a loss 
coefficient was applied at the junction between the main tunnel and the Rendel Street branch 
tunnel, to simulate the aerodynamic losses through the main tunnel portals, along the main 
tunnel and at the entry to the branch tunnel. This entry loss coefficient (ଵ

ଶ
𝐾𝜌𝑉ଶ) was calibrated 

at K=2.895 in order to meet the measured tunnel velocity for the MoJet case. The same loss 
coefficient was used for the conventional jet fan calculations. In order to reflect the relatively 
rough tunnel surfaces, a sandgrain roughness was set to 70 mm for the roadway, and 80 mm for 
the soffit and walls. 

Table 2: Bench thrust test CFD vs measurements 

Fan Type Fan 
Mass 
Flow 

(CFD) 

Fan Air 
Density 
(CFD) 

Fan 
Discharge 
Velocity 
(CFD) 

Thrust 
(CFD) 

Measured 
Thrust 

% Difference 
(CFD to 

measurements) 

 kg/s kg/m3 m/s N N  
MoJet 56.66 1.20 38.48 2179 2123 2.6% 
Conventional 57.71 1.20 39.19 2260 2221 1.8% 
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 Table 3: Tunnel test CFD vs measurements 

Fan Type Fan 
Mass 
Flow 

(CFD) 

Fan Air 
Density 
(CFD) 

Fan 
Discharge 
Velocity 
(CFD) 

Average 
tunnel air 
velocity 
(CFD) 

Average tunnel 
air velocity 

(measurements) 

% Difference 
(CFD to 

measurements) 

 kg/s kg/m3 m/s m/s m/s  
MoJet 63.63 1.20 43.27 3.78 3.78 (calibrated via 

tunnel entry 
loss coefficient) 

Conventional 59.42 1.20 40.39 3.37 3.33 1.2% 
 

 
Figure 6: CFD-calculated velocity contours for a conventional jet fan (above) and for a MoJet (below)  

The CFD-calculated velocity contours for the conventional jet fan (figure 6) show that the 
discharged jet attaches to the tunnel soffit, causing significant aerodynamic shear and loss of 
thrust. In contrast, the velocity contours for the MoJet show that the jet is deflected downwards 
by approximately 5°, such that the aerodynamic shear stress on the tunnel soffit is significantly 
reduced, and the in-tunnel thrust is increased. Another reason for the additional thrust of the 
MoJet in the tunnel is its 7% increased mass flow, compared to the conventional jet fan (table 
3). This is due to the higher tunnel airflow in the MoJet case.  

The installation factors implied by the CFD calculations were estimated using the following 
formula: 

𝜂௜ ൌ ሺ𝐴்𝛥𝑃௦ ൅ 𝛥𝑀௫ ൅ 𝑆௫ሻ/ሼ𝑇஻ሺ1 െ ௏೅

௏ೕ
ሻሽ     Equation (2) 
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where 

ATΔPs = Longitudinal pressure drop along the tunnel [N] 

ΔMx = Increase in the longitudinal component of momentum across the tunnel domain [N] 

Sx = Shear stress acting on the tunnel surfaces in the longitudinal direction, for the case of an 
equivalent tunnel without jet fans, but with the same longitudinal air velocity [N] 

TB = Jet fan bench thrust for the fan present in the tunnel domain [N] 

VT = Area-averaged longitudinal velocity in tunnel [m/s] 

Vj = Jet longitudinal discharge velocity for bench thrust conditions, referred to the fan cross-
sectional area [m/s] 

The installation factors for the MoJet and the conventional jet fan were calculated on the basis 
of equation (2) and are presented in figure 7 below. The installation factor estimated using the 
Kempf correlation (Ref. [7]) is also presented in the same figure. The Kempf correlation 
generally over-predicts the installation factor for the conventional jet fan, and under-predicts 
the MoJet installation factor.  

The installation factors for both the conventional jet fan and (to a lesser extent) the MoJet are 
predicted to decrease with increasing tunnel velocity, due to the stretching of the “friction 
patch” between the jet and the soffit. This phenomenon has been reported by other researchers, 
e.g. Ref. [8].  

 
Figure 7: Jet fan installation factors estimated via 3D CFD  

8. SUMMARY AND CONCLUSION 

Our factory measurements of the bench thrust and power consumption of a conventional jet fan 
and a MoJet indicated approximately the same values, within the uncertainty limits defined in 
Ref. [6]. However, the two products behaved very differently within a tunnel, with the MoJet 
delivering almost 30% more in-tunnel thrust than a conventional jet fan. Our CFD calculations 
show that the main reason for this improvement is the significant reduction in the shear stress 
on the tunnel soffit with the MoJet, compared to a conventional jet fan. Another reason for the 
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improved in-tunnel thrust with the MoJet is a 7% calculated increase in the mass flow through 
the fan, compared to a conventional jet fan. This is due to the shape of the inlet bellmouth, 
which has a larger cross-sectional area than the fan cross-sectional area.  

Our findings suggest that the MoJet can be used to significantly reduce the required number of 
jet fans, and to substantially reduce the overall power consumption required for longitudinal 
tunnel ventilation. The actual reduction that can be achieved will be dependent on the specific 
tunnel geometry (including the surface roughness, which was high in the present case), as well 
as the ventilation design scenario – e.g. the fire heat release rate that is assumed, the number of 
jet fans assessed to be destroyed in a fire and the number of jet fans deemed to be out of service 
due to maintenance. 

The research presented here considered only one jet fan installed within a tunnel at any given 
time. However, the majority of longitudinally ventilated tunnels require multiple jet fans to 
deliver the required airflow. In cases where the jets from upstream jet fans are ingested into 
downstream jet fans, a reduction in the jet fan thrust can be expected, due to the unloading of 
the fan blades (Ref. [2]). Such unloading can be expected to occur if the jet sticks to the tunnel 
soffit (or corner), and persists for a distance longer than the longitudinal spacing between the 
jet fans. It is likely that the deflection of the discharged jet away from the tunnel surfaces 
achieved by the MoJet will prove beneficial in avoiding the penalty of blade unloading, as well 
as reducing the aerodynamic shear downstream of the jet fans.  
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ABSTRACT 
When designing and defining the ventilation systems of road tunnels and safety tunnels, the 
question of possible combinations of fan and drive technologies and their evaluation regarding 
technical realisation and economic efficiency very often arises. A well-founded decision-
making process for the selection of suitable combinations is only partially available and 
therefore, selection is often based on personal experience and preferences. 

The FEDRO research project AGT 2015/005 addresses this issue by presenting the relevant 
fundamentals such as an overview of typical fan and drive technologies, the aerodynamic 
al requirements issued by the Swiss design codes as well as grid-compatibility requirements. 
The start-up currents as well as the harmonics related to the most common drive technologies 
are determined for typical ventilation applications by means of on-site tests. 

Based on these fundamentals, aerodynamic and electric selection processes are developed, 
allowing to determine the suitable combinations of fan- and drive technology for a specific 
project. The aerodynamic selection process assesses e.g., the need for multiple operating points 
for an axial fan or the impact on longitudinal airspeed. The grid compatibility assessment 
analyses the voltage drop at start-up and harmonic interference, based on the effective, project 
specific grid topology. The following evaluation process allows to identify, within those 
suitable combinations, the technically and economically most interesting solution. Within this 
evaluation, technical aspects (aerodynamics and system-integration) as well as life-cycle cost 
for fans, drives and wiring are considered. These costs include initial investment, maintenance 
as well as intermediate replacements when components do not fulfil the needed lifetime. 

The developed best practises are transparent and easy to use and therefore a useful tool when 
designing a road tunnel ventilation system. 

Keywords: Best Practice, Fan- / Drive Technology, Selection Process, VFD, DOL, Life-Cycle 
Cost 

1. INTRODUCTION

When designing the ventilation systems of road tunnels and safety tunnels, the question of 
possible combinations of fan and drive technologies and their evaluation regarding technical 
realisation and economic efficiency arises on a regular basis. Hence, a well-founded and concise 
knowledge base for the selection of suitable combinations is only partially available. Therefore, 
the selection is often based on personal preferences and the experiences of the persons involved. 

The research project summarizes the relevant basics (aerodynamics and fan technologies, tunnel 
ventilation specific system requirements, drive technologies and grid compatibility) and 
confirms / extends these findings by on-site measurements. Based on these findings, a four-step 
selection and evaluation process is developed allowing confirming the technical compatibility 

DOI: 10.3217/978-3-85125-883-7-34
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of a fan / drive combination and to evaluate the most suitable solution for a specific project / 
application. This so-called most suitable solution is determined using technical criteria such as 
the capability to precisely control the longitudinal airflow (in case of longitudinal ventilation) 
or the energy consumption and using life-cycle cost (25 years) including initial investment (fan, 
drive, cable system), annual maintenance as well intermediate refurbishment for components 
having a life expectancy less than the considered period. 

2. BASICS 

 Fan-Technology 
Fans are subdivided according to the curvature of the flow in axial, semi-axial and radial. In 
tunnel ventilation applications, mostly axial fans are used – other fan types (e.g. radial fans) are 
rather exotic and are therefore not covered by the present research. 

Besides the basic fan type, a distinction can be made based on how the duty point is varied. 
Common techniques are throttling, variation of rotational speed, variation of pitch angle and 
variable inlet guide vanes. However, in tunnel ventilation applications, most often variation of 
pitch angle and variation of rotational speed are used. Hence, only those two techniques are 
considered in the research project. Figure 1 shows the fan characteristics of a fixed pitch fan 
with variation of rotational speed as well as the characteristics of a variable pitch, fixed 
rotational speed fan. The main differences are the size / position of the stall region and the 
characteristics of the aerodynamic efficiency. 

When having to deal with initial counter-pressure (either caused by shaft pressures or by other 
fans), the extended operational region of a variable pitch fan is clearly advantageous and can 
determine the technical solution. Speed variation does not affect the stall limit and, depending 
on the effective fan curve, throttling of the other fans may be required to allow for a sequential 
start-up. According to [3], fans with variable pitch angle are also slightly advantageous 
regarding start-up time. No significant difference exists whether the pitch angle is controlled 
by hydraulics or by electric drives. 

 
Figure 1: Comparison of fan characteristics affected by variation of rotational speed (left) and by variation of pitch angle 
(right). For a variable pitch fan, the stall region has much smaller extents and a stall-free zone is present at very low flow 

rates. For a fixed pitch angle fan, the aerodynamic efficiency remains constant along a specific system curve whereas in case 
of a variable pitch fan, the aerodynamic efficiency varies [2]. 

Regarding longitudinal ventilation for smoke management, the effect of a single jet fan on the 
airflow is an important characteristic. [4] presents a method to evaluate the airflow modulation 
by jet fans as well as considerations regarding proper acceptance criteria. This criterion will be 
used during the latter selection process. 
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 Drive-Technology 
Nowadays, most of the fans in tunnel ventilation applications are driven by three-phase squirrel-
cage induction motors (asynchronous motors). Recent motor technologies such as synchronous 
reluctance motors appear to be very interesting regarding efficiency but, as up to now, no 
temperature rated motors are commonly available, asynchronous motors remain by far the most 
common technology. Significant electrical current peaks and corresponding grid perturbations 
occur when connecting the motor directly to the grid (direct online, DOL). Different drive 
systems allow limiting these current peaks at start-up: star-delta connection, pole-changing 
method (Dahlander Motor), soft starter, and variable frequency drive (VFD). Most often, the 
ratio of start-up current IS to nominal current IN is used to characterize these peaks. 

In order to confirm literature as well as manufacturer data, on site measurements of the current 
and the voltage per phase are performed as well as measurements of the harmonics. When 
assessing grid compatibility, measurements must be performed using sufficient temporal 
resolution. According to [6], 10 ms RMS values have to be considered in order to sufficiently 
resolve the current / voltage evolution. 

Table 1 summarizes the measured ratio IS/IN as function of the start-up method as well as the 
recommended value. One can see, that especially when using the pole-changing method, no 
significant reduction of start-up current peaks can be achieved. When using star-delta 
connection, the peak currents are reduced by a factor of two compared to DOL start-up. Even 
though soft starters theoretically allow for very low current peaks, in ventilation applications, 
the ratio of IS/IN cannot be reduced below 4 to 5 as otherwise, the available torque is not 
sufficient for driving the impeller. When using variable frequency drives, the current peaks can 
be ignored. 

Table 1: Start-up currents for different drive technologies (measurement / recommendation) 

Drive Technology Tunnel Measured IS/IN Recommendation IS/IN 

Direct online 
(DOL) 

Tunnel Fluelen, exhaust fan 
Tunnel Fluelen, jet fan 
Tunnel Islisberg, jet fan 

7,5 
7,9 

11,3 

8 – 10 

Star-delta connection  
(Y/D) 

Tunnel Sachseln, exhaust fan 
Tunnel Islisberg, exhaust fan 
Tunnel Gubrist, exhaust fan 
Tunnel Uetliberg, exhaust fan 

4,1 
4,6 
4,1 
4,0 

4 – 6 

Pole-changing method  
(Dahlander: 50% / 100%) 

Tunnel Sachseln, safety gallery fan 5,7 (0%  50%) 
9,5 (50%  100%) 

8 – 10 

Soft starter Tunnel Kirchenwald, exhaust fan 
Tunnel Lopper, exhaust fan 

4,0 
4,3 

3 – 5 

Variable frequency drive  
(VFD) 

Tunnel Fluelen, exhaust fan 
Tunnel Saas, exhaust fan 
Tunnel Crap Teig, exhaust fan 

1,04 
1,27 
1,03 

1,0 – 1,5 

 

Besides limitation of current peaks at start-up, pole-changing connection and variable frequency 
drives also allow for different rotational speeds and therefore for different duty points. Whereas 
pole changing motors only allow for a fixed, predetermined ratio of rotational speeds, VFDs 
allow to specifically adjust the rotational speed in order to match, as close as possible, the 
requirements. This allows for adequate controls (e.g. longitudinal smoke management) and 
important savings in energy consumption. However, for VFDs with rated power less than about 
100 kW, the VFDs efficiency is strongly affected by the effective load (rotational speed / 
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torque). Figure 2 shows the VFDs efficiency as function of rated power and as function of the 
load (100% / 50% rotational speed) of a fan application. One can see that for mid-size VFDs, 
efficiency is reduced by 5% to 10% when operated at 50% nominal speed. Especially for very 
small VFDs, the efficiency drops by nearly a factor of two, strongly affecting overall efficiency. 
This is mainly governed by the power needed to drive the electronics of the VFD becoming 
important compared to the power of the driven machine.  

 
Figure 2: VFD efficiency as function of VFD rated power and rotational speed for applications with quadratic speed / torque 
relation [5]. For a 500kW VFD (typical exhaust fan), efficiency drops by about 6% when the rotational speed is reduced to 

50%. In case of a 15 kW VFD (typical safety gallery / escape route fan), the reduction is roughly 10%. 

 Grid Perturbations 
Grid perturbations can impact the selection of drive technology as well as its technical details. 
Hence, it's recommended to do first evaluations regarding grid compatibility already in the early 
design phase. Otherwise, cost relevant measures are required in case grid compatibility is not 
fulfilled during commissioning. 

According to [6], grid perturbations are evaluated using the two following criteria: voltage drop 
(switching related voltage changes) as well as harmonic interference.  

Voltage drops may cause sudden shutdown of equipment, loss of data in control systems as 
well as sudden relay-switching operations. Therefore, voltage drops need to be limited to 
tolerable values. Such values are given by technical rules [6] applicable in Germany, Austria, 
Switzerland, and Czech Republic. Hence, the voltage drop shall be limited to 3% at mid-voltage 
level (1 kV to 36 kV) and to 6% at low-voltage level (< 1 kV) being usually the secondary side 
of the transformers. The voltage drop is estimated, during the design phase, by the ratio of 
switched power and the short-circuit power at the corresponding voltage level. The data from 
Table 1 can be used to determine the switched power. The short-circuit power is either the 
power of the transformer divided by the short-circuit voltage (at mid-voltage level) or the grid 
specific short-circuit power. 

Harmonics have a negative impact on the power quality and should therefore be avoided. 
Depending on their type1, frequency converters and soft starters generate harmonics with 
different harmonic currents. An assessment of the harmonics according to [6] should only be 
performed if loads causing harmonic interferences are operated within the considered grid. The 
harmonic spectra of individual installations were measured and compared during the field tests. 
Harmonics can be reduced either by adding line chokes / filters or by more advanced VFD-

                                                 
1 E.g. 6-pole drives, 12-pole drives, active front end drives 

0,1 kW 1 kW 10 kW 100 kW 1000 kW

100%

90%

80%

70%

60%

50%

40%

30%

50 % rotational speed / 25% torque

100 % rotational speed / 100% torque



- 287 - 
 

11th International Conference ‘Tunnel Safety and Ventilation’ 2022, Graz 
 

types. According to the on-site tests, line chokes are appropriate to reduce harmonic currents 
for 6-pulse VFDs. In case of AFE VFDs, harmonics are normally not critical. During the design 
phase, harmonics can be assessed by evaluating the ratios of short-circuit power SkV to installed 
power SA and harmonics relevant power SOS to installed power SA. Depending on the voltage 
level, measures may be required or not as shown in Figure 3. 

 
Figure 3: Evaluation of the need for measures to reduce harmonics for low- and medium-voltage installations, [6] 

3. SELECTION AND ASSESSMENT PROCESSES 

The research project [1] presents for each basic type of ventilation application (smoke 
extraction, longitudinal ventilation, and escape route ventilation) a four-step process to 
determine the project specific compatible solutions and, considering an estimation of life-cycle 
cost, the best option within those compatible solutions (see Figure 4). 

In the following, this process is presented in more detail using the generic example "Tunnel 
Musterloch", being a bidirectional road tunnel of 1'300 m length. According to the system 
design, on overall thrust of 3'700 N is required for longitudinal ventilation. This thrust can be 
obtained by either 12 22 kW jet fans with nominal diameter of 630 mm, 8 30 kW jet fans with 
nominal diameter of 800 mm or 5 37 kW jet fans with nominal diameter of 1120 mm. 
According to the system type, the ventilation system must allow for proper airflow control. 
Hence, the effect of a single jet fan on longitudinal airflow shall not be bigger than the defined 
threshold (e.g. less than 0.4 m/s). If this is not the case, either the drive technology must be 
adapted or a jet fan with less standstill thrust has to be selected. Using the findings presented in 
[4] or any other calculation method for the impact on longitudinal ventilation, one can 
determine that, from a pure aerodynamic point of view, the 22 kW jet fan as well as the 30 kW 
allow for suitable airspeed control independent of the associated drive whereas the 37 kW jet 
fan needs to be equipped with VFD. Details of this evaluation process can be found in [1]. 

When assessing grid compatibility, the voltage drop as well as the harmonics need to be 
evaluated. The full report, [1] presents in detail the different steps to perform. However, it must 
be noted that no general rule exists as the grid compatibility depends on the effective topology 
of the installation (e.g. the installed power and the ventilation-related power per transformer). 
Depending on the overall power and depending on the chosen connection point, it may result 
that based on voltage drop, any drive technology and especially DOL is admissible for the 
22 kW as well as for the 30 kW jet fan. As for the 37 kW jet fan, VFD is needed due to 
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aerodynamics, voltage drop is not an issue. However, in order to limit harmonics, rather low-
tech VFDs (6-pulse) may only be allowed when using line chokes / complex filters. Technically 
more advanced VFDs (e.g. AFE drives) are less problematic regarding harmonic perturbations. 

Having defined the admissible solutions, these can be assessed regarding their technical quality. 
In case of longitudinal ventilation, the corresponding criteria are: the required space (within the 
technical rooms), the degree of grid perturbations (voltage drop, harmonics), the energy 
efficiency, the performance to control the airspeed in case of an emergency (accuracy, time 
needed to obtain the required airspeed), the complexity of the integration (e.g. relays vs. a 
complex, specific communication protocol), the cabling system (e.g. number / diameter of the 
power cables), the eventual impact on HVAC systems in the technical rooms (e.g. in case of 
VFD). Each of these criteria has its own weighting factor which can be individually adjusted. 
This allows to consider, at best, the project specific boundary conditions. The grading of each 
individual solution is given by this weighting factor and a predetermined baseline evaluation. 
More details regarding the technical evaluation can be found in [1]. For the "Tunnel 
Musterloch", due to the more precise control of the longitudinal airspeed, the solution using 
VFD is technically advantageous compared to the others. Nevertheless, the 22 kW / 30 kW jet 
fans with DOL drive are valid options basically due to their technical simplicity. However, it 
must be noted that the use of the evaluation mechanism needs an appropriate expertise and 
awareness of the underlying mechanisms. Otherwise, by imprudently adjusting the weighting 
factors, any solution can be brought forward. 

The financial assessment, the life-cycle cost evaluation, considers the initial investment for the 
fans including drive and wiring as well as the maintenance costs. The estimate is based on the 
project specific solution as costs are determined among other things by the effective number of 
jet fans, by their specific drive, their nominal power, and cable length. The maintenance costs 
integrate annual maintenance as well as eventual component replacement e.g. for soft starter / 
VFD as their typical life expectancy is less than the considered life-cycle of 20 years (in case 
of longitudinal ventilation). Regarding the life-cycle cost within the example case 
"Musterloch", the most economical solution is the 30 kW jet fan with DOL drive. However, the 
difference to the 37 kW jet fan equipped with AFE VFD is only about 10%. It has to be noted 
that the cost evaluation is relative and does not allow for any estimate of absolute investment / 
maintenance cost as underlying prices (e.g. the price for metals) may have changed in the 
meantime. 

When combining the technical and the economical evaluation for the "Tunnel Musterloch", the 
technical advantages of the 37 kW solution with VFD do compensate the higher life-cycle cost 
and so the recommended solution is to equip the tunnel with 5 37 kW jet fans, driven by active 
front end VFDs. Also, this overall result must be checked appropriately as even small 
differences may bring forward either of the solutions. Nevertheless, the results allow to 
distinguish in a quantitative, comprehensive manner the advantages / disadvantages of the 
individual combinations of fan technology / fan type and the corresponding drive. 

Besides the detailed process for longitudinal ventilation, the research report also presents the 
corresponding processes for exhaust systems as well as for ventilation systems for escape routes 
/ safety galleries 
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Figure 4: Overview of the selection and assessment process for the basic ventilation system types 
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4. SUMMARY AND CONCLUSION 

To overcome repeated discussions regarding the most suitable combination of fan and drive for 
a specific project, the ASTRA research project AGT 2015-005: Analysis of systems formed by 
fan- and drive technology used for tunnel and safety tunnel ventilation presents a best practice 
process to determine on one hand the technically suitable solutions (from an aerodynamics and 
grid compatibility point of view) and, on the other hand, to compare the technical benefits and 
the life-cycle cost of those solutions. As the method is available for smoke extraction fans, for 
longitudinal ventilation systems as well as for the ventilation systems of safety tunnels, most of 
the applications are covered. Hence, a transparent and profound tool is created and can readily 
be applied during the design phase to compare different technical solutions as well as to 
determine the most suitable one. 
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ABSTRACT 
Tunnels are among the most demanding environments for fire safety technology and require careful 
planning and rigorous testing before commissioning. From road tunnels to subway and railroad tunnels, 
these structures serve as an integral part of modern infrastructure and need to remain operational around 
the clock. The operational requirements, difficult-to-access installations and the safety of both the people 
and goods that pass through tunnels, pushes the expectations of fire safety equipment, software and 
knowhow to an even higher level. 

To obtain approval for using the automated fire detection, the company must prove that the maximum 
fire detection time according to RVS (Guidelines and Regulations for Planning, Construction and 
Maintenance of Roads in Austria) is not exceeded. 

For tunnel projects this test was essential to be able to deliver automated fire detection in Austrian 
tunnels.  

1. INTRODUCTION

In 2010, a report by the Austrian Court of Audit showed the public that one-fifth of the investments in 
the road and rail tunnels examined in the report went toward safety. In the case of the road tunnels 
investigated, as much as a quarter of the costs are for safety. [1] This report gives a very deep insight on 
the safety of tunnels in Austria.  

In the Brixlegg rail tunnel, the probability of a fatal accident is one in 10 billion and in the Sonnstein 
tunnel, one in 100 billion. A safety concept commissioned by ÖBB in 1995 is also mentioned:  

"Marginal costs for the prevention of a "perceived fatality" weighted higher on the basis of the aversion 
factor in the amount of approx. 7.27 mill. EUR (100 mill. ATS), up to which cost-effectiveness ratio 
measures are sensibly to be realized. Because of the consideration of the aversion factor, ÖBB actually 
invests about 36 mill. EUR to prevent a (real) fatality;" [1]  

In contrast to rail tunnels, an average of six fatalities occurred in Austrian freeway and expressway 
tunnels in the period 1999-2019 and the average economic accident costs amounted to 24.0 million euros 
per year. According to ASFINAG's incident database, there were 130 fire incidents in tunnels over 500m 
and its portal areas in the period 2006-2019. In these fire incidents, four people lost their lives, the last 
time in May 2016. [2] 

All this and much more illustrates the investment needed to make safety a reality in tunnels.  

2. DATA

Let’s have look at the basics of fire detection for tunnels in Austria. 

DOI: 10.3217/978-3-85125-883-7-35
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 Fire detection in railroad tunnel 
According to the regulation concerning the technical specifications for interoperability relating to 
"safety in railway tunnels" of the rail system of the European Union, minimum safety requirements must 
be met.  

The EU stipulates that all railroad tunnels longer than 1km must be equipped with fire detection in the 
technical rooms and the alarms are transmitted to the infrastructure managers. Stations that are in tunnels 
shall be in conformity with the national rules on fire safety. When they are used as safe areas and/or fire 
fighting points, they shall comply only with the relevant specifications must be met. [3] 

These EU directives have been implemented in the Railway Act. 

 Fire detection in road tunnel 
Tunnels in the Trans-European Road Network must meet minimum safety requirements. The EU 
stipulates that a system for automatic detection of traffic incidents and/or fires shall be installed in all 
road tunnels more than 500m in length with a control center. For road tunnels more than 500m in length 
without a control center, automatic fire detection systems shall be installed. [4] 

In Austria, the EU specifications for minimum safety requirements were implemented in the Road 
Tunnel Safety Act (STSG). Here, only road tunnels with a ventilation system must be equipped with an 
automatic fire alarm system in case of fire. [5] For road tunnels in Austria, individual guidelines and 
regulations are declared binding by service instruction or decree according to §7 Para. 2 of the Federal 
Roads Act. [1] This brings into play the RVS (Guidelines and Regulations for Road Construction), which 
reflects the current state in Austria and the bindingly declared RVS 09.02.22 for tunnel equipment, 
which specifies everything that fire detection for road tunnels must be able to do and fulfill. The 
automatic fire detection system for the driving area must also ensure that it can trigger within a short 
time. 

Table 1: maximum fire detection time, according to RVS for the fire detector in the road tunnel [6] 

LONGITUDINAL 
AIR VELOCITY 

[m/s] 

FIRE DETECTION [s] FIRE LOAD 

PRE-ALARM ALARM 

< 3 60 90 2 x 1m² pool fire with 10l 
ethanol each 

≥ 3 120 150 2 x 1m² Diesel pool fire with 10l 
diesel each - and 5 liter gasoline 
each 

Furthermore, for the road tunnels of highways and expressways there are still the planning manuals 
which then require, for example, that a pre-alarm is to be detected and reported, but which is not 
evaluated, or does not control anything. 

 Test fire Saalbach Hinterglemm  
For our fire detection system to be allowed to be used in Austrian road tunnels, it had to be tested and 
approved by an accredited inspection body. This was achieved in 2015 with the following test results: 

Table 2: Test fire Saalbach Hinterglemm 
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Tunnel test fire - Tunnel Hinterglemm - 23.11.2015detection  
times / Linear Heat 

tripping 
timesresults 

Airlongitudinal  
velocity m/s 

DTS west DTS east 

pre alarm alarm pre alarm alarm 

ethanol fire 

14:29:00 < 3 
14:29:52 14:30:02 14:29:56 14:29:56 

00:00:52 00:01:02 00:00:56 00:00:56 

14:51:00 < 3 
14:51:52 14:51:52 14:51:46 14:51:56 

00:00:52 00:00:52 00:00:46 00:00:56 

petroleum diesel fire 

15:10:57  ≥ 3 
15:11:52 15:11:52 15:11:46 15:11:56 

00:00:55 00:00:55 00:00:49 00:00:59 

15:33:52  ≥ 3 
15:34:52 15:35:02 15:34:56 15:34:56 

00:01:00 00:01:10 00:01:04 00:01:04 
 

 

3. SUMMARY AND CONCLUSION 

All this and more illustrates the investments we make to prove our technology in order to 
provide institutions such as the Tunnel Research Center of the University of Leoben "Zentrum 
am Berg" with the best possible solution. 

WHICH SOLUTION SUITS BEST IN A TUNNEL; WHICH TECHNOLOGIES ARE USED? 

Honeywell offerings installed at ZaB include fire detection solutions, public address and voice alarm 
system (PA/VA), and an alarm and video management system in the road and rail tunnels.  

The main technology in Fire Safety is the latest generation of Honeywell’s DTS (Distributed 
Temperature Sensing) linear heat detectors. In the ZAB, there are two DTS detectors installed, each in 
redundant loop configuration to support reliable operations. They are connected in single-mode 
configuration by a fiberoptic essernet® network which is also processing signals from point detectors 
and new VES aspirating smoke detectors. By combining these fire detection systems, both fire and 
smoke can be detected in their very early stages, preventing false alarms even under challenging 
conditions. 

The PA/VA system inside Zentrum am Berg's tunnels is realized with the Digital Output Module (DOM) 
from the VARIODYN D1 range which is EN54 certified and features multicasting and integrated power 
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amplifiers. For display and operation, the Ethernet Touchscreen Call Station (ETCS) offers a 7" 
touchscreen with a user-friendly interface. 

The PC-based hazard management system WINMAG is a key element of the alarm and video 
management system. WINMAG's graphical user interface allows users to quickly localize hazards even 
in complex system environments with minimal training requirements, saving valuable time in incident 
response. 

Thanks to its modular and scalable design, WINMAG allows full integration of Honeywell's server-
based video management system MaxPro. By providing real-time alarms and detection of abnormal 
behavior without human supervision, MaxPro further contributes to the system's efficiency, both in 
terms of cost saving and safety requirements. 

Every second is valuable in case of an incident in a tunnel. Modern Fire Safety and Security solutions 
and a fast evacuation is essential in a tunnel for saving lives and property. [7] 
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AN AFFORDABLE & SUSTAINABLE ALTERNATIVE:  
LED RETROFIT TUNNEL LIGHTING

1 Author: Thomas Nessel, 2Markus Keller 
1 ASFiNAG Service GmbH, AT 

2 ASFiNAG BMG, AT 

1. INTRODUCTION

The operating technology department at ASFiNAG has found a sustainable way of converting 
existing lighting to LEDs cost-effectively and independently of manufacturers. 

Lighting is one of the most important safety features in road tunnels. 

There have been many improvements in lighting technology in recent years but the new systems 
were either very high maintenance or expensive. The metal halide lamps give white light but 
quickly lose luminosity, have high power consumption and need to be replaced every two years. 
The most recently installed LED fixed systems are very expensive, require their own wiring, 
and when they need to be replaced, you are dependent on the manufacturer's system. 

Our research has shown that the existing stainless steel housings and wiring will last at least 25 
years. Therefore, we looked for a manufacturer who was willing to develop with us a completely 
new modular system with LED inserts and lens technology. The specifications from the 
beginning were that the inserts must fit into any system, that more and even light must arrive 
on the road, that it must be a modular system where a spare part costs no more than 40 € and 
the installation must be possible under 5 minutes. After completing our tests, we knew that the 
implementation was technically possible and we released the specification for procurement.  

Today, there are already five manufacturers supplying these highly compatible and sustainable 
inserts according to our specifications. The number is constantly increasing. Due to the 
competition, the price dropped and since 2020 even the powerful tunnel entrance lighting is 
equipped with LED inserts. 

2. KNOWN PROBLEMS

Common problems with halogen metal vapour lamps: 

- become darker
- change colour
- high power consumption
- Reflector angle
- Ballasts
- Replace EVERY 2 years! Lock!

Current problems with LED Fix System: 

- Expensive! >700€ per luminary
- Bespoke wiring
- Bespoke brackets
- Manufacturer-dependent

DOI: 10.3217/978-3-85125-883-7-36
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- Aluminium <Longevity 
 

3. INNOVATION 

We started the Lighting Insert Development: 

 

 

 

 

 

 

What we wanted: 

 +Retrofit: old housing, old wiring 
 +More light, more evenly dispersed 
 +Modular system, < 70€ per spare part 
 +Installation <5min 
 +Use below 400€  
 +Less power 
 +Light quality (colour temp., colour reproduction) 

 
 
With support of Detas DLeds and BROLL made a simple modular retrofit design 
 
 
 
 
 
 
 
…simple and easy to install: 
 
 
 
 
 
 
 
With great results: 
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4. NEW LED INSERT SUCCESSES: 

Old housings + wiring last 30 years 
+ Item price starting from 200€  
+ Replaced in < 5 minutes  
+ 25% more light at 34% lower power consumption  
Since 2020 we install it also at the TUNNEL ENTRANCE  

 

5. NEXT STEPS IN THE ASFINAG BMG EM 

 Study on Cri value correction in the RVS 
 Introduction of changes to the RVS/FSV to reduce the energy demand & CosPhi 
 Revise the design manual tunnel lighting considering stainless steel suitcase 

luminaires 
 Determine the basis of replacement needs 

6. PLAPB CHANGES IN THE ASFINAG BMG EM 

 Revise tender texts 
 LEDs Cri & Energy & 80.000h 
 Driver temperature & unifying the housing 
 cd/m² measurements & what does the customer see? 
 Ensure testing possibilities by local construction supervision (ÖBA) 

 
 Ra CRI >= 70 checkable at data sheet ! 
 Control without series connection & 8-4 steps 
 3 parts = one luminaire in DACH & simple on-site exchange 

o stainless steel box & luminaire up to € 800 EFB 
o DFB driver & quick exchange (e.g. 2x150W € 300) 
o EFB unit & quick exchange (e.g. 1x400W € 400) 

7. QUALITY 

QUALITIY: Fail safety – temperature: 
• The temperatures measured indicate whether the light meets the quality requirements.  
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• Temperature management  
o -> minimum volume required 
o -> high quality LED-drivers 

 
QUALITIY: Color consistency 

What we never want to see again: 

 
 
Color-over-angle (CoA) effect: 
At normal incidence, a fraction of the blue pump light leaks out to produce a balanced white 
spectrum. At large angles, more blue light is absorbed, resulting in an off-color spectrum with 
less blue and more green+red=yellow than wanted. 
Not on IR LED, but IR LEDs are half-efficient on Color consistency at Ra ≥ 90.
 (Soraa/LEDinside) 
 
Solution: 
We need a Lens LED combination without color-over-angle (CoA) effect 
 

8. SUMMARY AND CONCLUSION 

New ASFiNAG STANDARD  
(2 modular, sustainable housing types) 

 
 2 Standard housings  

with flat glass – easy cleanable 
 Standard equipment carrier  

for 2 drivers (failure safety,  
same quantity of LED Modules) 

 Standard mounting points  
(only minimum volume defined) 

 Add quality definition:  
 temperature &  
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 color consistency  
 makes Ra≥70 possible 

 

10 Years & 30 years 

 new optimized concept & sustainable use 

 increase of life cycle  

 reduction of energy consumption 

 survey of the need for replacement  

 adaptation RVS & PlaBP 

 Stainless steel case lights (retrofit also for entrance area) & 17.5 up to 35 years lifetime 
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VENTILATION IN SHORT TUNNELS AS A RISK MITIGATION MEASURE: 
"A SHORT TUNNEL CAN BE AS DANGEROUS AS A LONG ONE" 

1 D. Benitez Forero 
1 Electromechanics Department, Integral S.A., Colombia 

ABSTRACT 
When a tunnel capacity is foreseen by design and in operation results in a higher one, which 
produces almost permanent queues inside a tunnel, with a combination of light and heavy 
vehicle traffic, and an emergency management protocol mismatched to the reality of the 
operation, whether it is a short or long tunnel, with two-way or one-way flow, it is necessary 
to revisit the concept of tunnel classification based on its length and traffic volume, because 
a short tunnel can be as dangerous as a long tunnel". 

Normally, tunnels between 50 m or less and up to 250 or less than 500 m are defined as short 
tunnels in the standards that regulate and legislate on road tunnels worldwide. It is also 
possible to intuit a priori, that short tunnels, being of really minimum lengths, if compared 
with tunnels defined as long (1000 m and above), do not present comparable risks as those 
that would be found in the latter. Therefore, the attention to any particularity that a short 
tunnel may have, during the design phase, is ruled out. 

However, with a closer look, it is observed that in general terms from the regulations, short 
tunnels have been stripped of all series of protections, "possibly" because of the supposed 
lower level of risk compared to long tunnels. However, the fact that these short tunnels do not 
have a tangible safety compliance scheme, puts them in a potentially high-risk classification, 
just like long tunnels. Therefore, they are vulnerable to the shortcomings that can be ensured 
from a holistic view of safety, whose vision is almost never fulfilled in a project. 

1. CONTEXT OF THE PROBLEM

In several design standards and directives, there are stipulated a series of aspects that must be 
reviewed and taken into account when designing safe tunnels. Many standards [5], define the 
following factors that influence the tunnel to be more or less safe, among others, such as the 
following aspects:  

- Tunnel length
- Amount of traffic and nature of the traffic (heavy, light, motorcycles, other)
- Dangerous goods
- Longitudinal slopes
- Natural ventilation, with forced ventilation
- One-way or two-way flow
- With or without emergency lane
- With or without drains for hazardous materials
- Emergency plans
- Fire extinguishing, fire detection and fire alarm systems

There are, in turn, numerous methods of risk analysis[6], both qualitative and quantitative risk 
measurement, there are of course prescribed as the above list, that each of these conditions must 
be taken into account in a design, however, these factors are usually associated in relation to 
the length of a tunnel and the amount of traffic, at most. Meanwhile, catastrophic accidents 

DOI: 10.3217/978-3-85125-883-7-37
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continue to happen as the one reported in the tunnel called "Túnel de la Línea" in Colombia, 
Latin America, where in a set of 23 tunnels; one of them being only 190 m long, an accident 
occurred that left at least 7 dead and 30 injured. Then, in several engineering projects, it is found 
that tunnels between 50 m or less and up to 250 or 300 m, even less than 500 m, -as in the 
European Directive-, are defined as short tunnels and at the level of standards, more or less 
requirements are imposed based on the length of the tunnel.  

On the other hand, although statistically an admissible margin of fatalities and injuries has been 
established in road tunnel projects, as used in the approach of risk analysis methodologies such 
as DG QRAM and others, it is unacceptable to allow the loss of human lives in a context as 
delimited as a short tunnel, and then there must be analyzed several concepts around the 
meaning of risk, and the dynamic nature of this for which are applicable in turn, dynamic 
systems for risk mitigation. 

2. DYNAMIC NATURE OF RISK 

Any infrastructure made by man and for man, would be meaningless without a use. An 
infrastructure, be it a high-rise building, a hydroelectric power plant, a bridge, an airport, a road 
tunnel, etc., would be nothing more than "models" if they did not interact with man, since these 
are static systems in themselves, and only under interactions with man, dynamic processes are 
produced, as man uses these infrastructures. Therefore, the interactions between man and 
infrastructures produce processes that are dynamic, not static. There is no risk associated with 
the static nature of the infrastructures, but there is a risk associated when man interacts with 
them. Therefore, it can be said that "risk is dynamic in nature". 

However, geometrically ill-conceived works impose conditions on the dynamics of a process 
from the outset, and to the extent that the statics of the infrastructures affect the dynamics of a 
process, the risk will vary in range, and therefore, it will oscillate between the dynamic and the 
static, the latter being a restriction imposed from the outset on the dynamics of the processes 
due to the invariable nature of their nature. In synthesis, the errors in the geometric design of 
tunnels, which have been identified in the norms, regulations or design guides, such as 
exaggerated lateral and longitudinal slopes, narrow radii of curvature, gauges, platforms, 
shoulders and lane widths, absence of emergency evacuation tunnels, inaccuracy of information 
and data of the traffic study, lack of characterization of dangerous goods, etc., impose per se, a 
restriction on the design of tunnels, impose per se, a restriction to the fulfillment of the goal of 
having a safe tunnel, thus transferring its potential risk to the dynamic systems of the processes 
that have to manage its variables to modulate the risk, control it or minimize it. According to 
the above, it is not correct to dimension and design the dynamic systems without first taking 
into account the non-compliances, at least regulatory, of the infrastructures, as if we were 
starting from an ideal structure, since then, we will have deficiently dimensioned systems for 
the attention of the risks in the operation of the tunnel.  

3. DYNAMIC SYSTEMS 

Understanding that the processes happen by the interaction of man on the infrastructures 
(static), that is; man puts in use the structures to its service, example; when a road tunnel starts 
operating, then, the dynamic systems are all those that collaborate in a variable way in the time 
to modulate the risks that are generated by the interaction between the vehicles, the occupants, 
and the infrastructure itself. The dynamic systems will be: ventilation systems[8], detection 
systems, and fire extinguishing systems when they must be activated, ITS, signaling, 
communications, emergency brigades when they are activated, etc. These are all the resources 
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and systems that assist in a continuous and sustained manner over time the management of 
vehicular traffic through the tunnel or road corridor, and will vary in behavior and performance 
according to the variation of the events generated by the vehicles in transit.   

In this way, the dynamic systems will only act according to some input variables, which initially 
would not satisfy previous requirements, such as a bad geometric design, and therefore, the 
sizing and specifications of the dynamic systems will never be adequate to satisfy safe operating 
conditions of the tunnel. 

We have established then, that geometrically poorly dimensioned infrastructures impose 
restrictions to the fulfillment of the safety goals by the dynamic systems, so it can be deduced 
that no matter how many safety systems and emergency plans are available, the intrinsic risk of 
the previous non-compliances underlies and where the dynamic systems are not perfectly 
adjusted to the variables of the traffic regime, then, any kind of consequences as catastrophic 
as the ones happened in a tunnel of only 190 m in length could occur. 

4. RISK MITIGATION SYSTEMS 

It should be defined that the need of ventilation for short tunnels is prescribed for sanitary needs, 
that is, only natural ventilation is required to guarantee the sufficient quantity of oxygen in the 
air and the cleaning of the air through the dissolution of contaminants in the normal operation 
of the tunnel. But under the definition of natural ventilation, the benefit of ventilation as a safety 
mechanism for a fire or smoke evacuation situation occurring in a short tunnel is practically 
ruled out. It should be shown then, the reasons why forced ventilation is required for certain 
short tunnels. 

According to NFPA 502 [3], short tunnels are specifically defined as being between 31 [100 ft] 
and 91 m [300 ft] in length and are only intended to handle traffic of about 5,000 vehicle-
hours/lane, as shown in Figure 1 below:  
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Additionally, these tunnels are classified as "X", and have Mandatory Requirements (MR) 
and Conditionally Mandatory Requirement (CMR) protection and safety considerations, 
which can be summarized in table A.7.2 "Minimum Road Tunnel Fire Protection Reference 
Guide". But it is relevant that this standard recommends that absolutely, for "all" tunnel 
lengths, the respective engineering analysis must be developed, where at least each of the 
following aspects must be taken into account. 

(1) New installation or modification of an existing installation. 

(2) Modes of transport using the facility 

(3) Anticipated traffic volume and mix 

(4) Restricted vehicle access and egress 

(5) Fire emergencies ranging from minor incidents to major catastrophes (6) Potential fire 
emergencies ranging from minor incidents to major catastrophes (7) Fire emergencies ranging 
from minor incidents to major catastrophes 

(6) Potential fire emergencies including, but not limited to, the following. 

(a) At one or more locations within or on the facility 

(b) In the vicinity of the facility 

(c) At facilities at a great distance from the emergency response facilities 

(7) Exposure of the emergency systems and structures to elevated temperatures 

(8) Traffic congestion and control requirements during emergencies (9) Emergency protection 
elements 

(9) Fire protection elements, including, but not limited to, the following 

(a) Fire alarm and fire detection systems 

(b) Standpipe systems 

(d) Water fire extinguishing systems; (e) Ventilation systems 

(e) Ventilation systems 

(f) Emergency communication systems 

(g) Protection of structural elements 

(10) Components of facilities, including emergency systems (11) Evacuation and rescue 
requirements 

(11) Evacuation and rescue requirements 

(12) Emergency response time (13) Access points for vehicles 

(13) Access points for emergency vehicles (14) Emergency communications to emergency 
responders (15) Access points for emergency vehicles 

(14) Emergency communications to appropriate agencies (15) Location of facilities, including 
emergency systems (16) Emergency communications to appropriate agencies 
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(15) Location of facilities, such as urban or rural (level of risk and response capability) 

(16) Physical dimensions, number of traffic lanes and roadway geometry 

(17) Natural factors, including prevailing wind and pressure conditions 

(18) Expected loading 

(19) Impact on buildings or landmarks near the facility (20) Impact on the facility 

(20) Impact on the facility from external conditions and/or incidents (20) Impact on the 
facility from external conditions and/or incidents 

(21) Traffic operating mode (unidirectional, bidirectional, switchable or reversible). 

 
From the above, and according to the "X" classification for short tunnels, the following means 
or safety resources are considered mandatory (MR): 

- Structural elements of the tunnel protected to fire. 
- Traffic control 
- Emergency response plan 
 

And as conditionally mandatory (CMR), the following safety means or resources: 
- Emergency communications systems 
 
However, of all the above, not a single system that is part of the fire protection for short tunnels, 
among others, for example, the ventilation system, is included. The following are the systems 
that are part of the fire protection in this standard, but could be others or similar in other 
standards: 

- Fire vehicle. 
- Piping network system for hose connections, hose cabinets or hydrants. 
- Fire department water storage. 
- Fire Department connections. 
- Fire pumps 
- Manual fire extinguishers 
- Fixed water-based fire extinguishing system. 
- Emergency ventilation system  
- Drainage system 
- Hydrocarbon detection 
- Environmental hazards due to substances and fuels 
 

COLOMBIAN STANDARD [4] 

In the Colombian standard called the "Manual for the Design, Construction, Operation and 
Maintenance of Road Tunnels, 2021 edition, short tunnels are classified as "E", and are 
considered between lengths of 50 to 250 m, for traffic volumes of 100 to 4500 TPDA (Average 
Daily Annual Daily Traffic/Lane), see graph 2 above. 



- 305 - 
unreviewed version 

 

11th International Conference ‘Tunnel Safety and Ventilation’ 2022, Graz 
 

5. STATIC SYSTEMS AND DYNAMIC 

We have defined in the "dynamic nature of risk", that we have static and dynamic systems. The 
static systems are the infrastructures and the dynamic systems are all the resources that 
materialize according to the real time in the event of a contingency. If we review the mandatory 
requirements that a short tunnel must meet, such as "structural elements must be protected 
against fire", this is not a dynamic element against the contingency of an accident or a fire inside 
the short tunnel. And regarding the "traffic control" and the "emergency response plan", since 
these are very dependent on human decision making, they are subject to the risk of failure by 
not meeting the expectations that are necessary to cover, when an accident and/or fire occurs in 
a tunnel, in general, short or long length. The same happens with the "emergency 
communications systems", which result from the decision to implement them or not, according 
to the criteria of the engineering analysis proposed in standards such as NFPA 502. 

Although an engineering analysis must be developed on a mandatory basis for any length of 
tunnel, it is not yet clear when, what, and why, some, all, or no systems, both static and dynamic, 
should be implemented to address safety. 

Accordingly, at the very least, it should be clear that the systems, resources, and dynamic means 
to deal with a contingency for an automobile accident and/or fire in the tunnel will be those that 
can be made available in real time and materially, such as ventilation systems, water jet 
discharges from hoses or fixed water-based extinguishing systems, manual extinguisher 
discharges on a vehicle that is on fire or overheated and will soon cause a spreading fire. 
Therefore, it is of vital importance, before establishing for every tunnel the need to develop an 
engineering analysis, and beyond defining what is mandatory, and what is conditionally 
mandatory in safety equipment for a tunnel, is to recognize the nature of the static and dynamic 
systems that are part of the safety of a tunnel that is put into operation, where not even all risk 
analysis models are able to cope with these circumstances [11]. 

6. ANALYSIS OF THE SITUATION 

In view of the clear evidence shown by the statistics in the reports that are permanently 
published worldwide, there are still accidents due to vehicular collisions at the entrance of a 
tunnel, accidents with or without fire, many of them with catastrophic results due to the loss of 
human lives. It is necessary then, to understand that the structures or infrastructures already 
built, or to be built, that once poorly executed do not comply at least prescriptively with some 
or many geometric parameters such as those already mentioned above, and in addition, certain 
resources or systems are also static in nature to contribute to safety, then, it is also necessary to 
understand that they must be recognized as dynamic systems, that those systems that contribute 
materially and in real time to safety, such as emergency ventilation, water jet discharges, and 
manual extinguishing, should be recognized as dynamic systems, in order to consider a 
reclassification of tunnels[10] to include both forced ventilation and fire extinguishing. 

 CATASTROPHE IN A 190 M LONG TUNNEL 
In a 190 m long tunnel, there were no water-based extinguishing systems, no manual fire 
extinguishers, and even less forced ventilation. At the same time, an engineering analysis 
considered that other resources or fire protection systems were unnecessary. The 
communication systems were those that corresponded to communication via radios between 
surveillance personnel on the outskirts of each tunnel, and an emergency plan[7], possibly not 
adjusted to the changing reality of traffic depending on the time of day and the special vacation 
dates, where the number and intensity of travelers moving through a road corridor designed to 
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mobilize mostly freight vehicles increases. Therefore, light vehicles and cargo vehicles shared 
the same road corridor, which also consisted of 23 tunnels, all with different lengths.  

An accident occurred inside the tunnel, which was only 190 m long and had a negative slope, 
when a tractor-trailer with no brakes collided with a line of vehicles inside the tunnel. Several 
of the light vehicles were carrying families, as well as intermunicipal buses full of passengers, 
but also cargo vehicles, so that the light vehicles were trapped in the middle of the cargo 
vehicles, producing a human "sandwich", which as a result of the accident left at least seven 
dead and 30 injured, according to official news reports and the rescue corps that attended the 
accident.  

 EFFECTS OF THE VEHICLE COLLISION 
After the vehicle collision, several light vehicles were ejected at the gauge level downstream of 
the tunnel, while others were trapped in the middle of the tractor-trailers, which remained with 
their engines running after the collision. The tractor-trailer that collided spilled the material it 
was carrying, such as engine lubricating oils and brake fluids. Minutes after the accident, 
visibility inside the tunnel was lost due to fumes from the burning engines, possibly also due to 
the combined combustion of the oil and brake fluid spills. The death of the people could have 
been caused by asphyxiation and intoxication[9], in addition to the mechanical impact. 

 VICTIM RESCUE 
For the rescue of the victims, the "external" emergency response personnel entered through the 
downstream portal of the tunnel, that is, at the lowest altitude of the tunnel. However, due to 
the obstruction of the vehicles trapped in the tunnel and close to the entrance portal, the rescue 
of the victims had to be done through the upstream portal of the tunnel, that is, at the highest 
altitude of the tunnel, as well as the extraction of the vehicles involved in the collision. This 
shows that, given the circumstances of the accident, where there is a short tunnel, also with a 
negative longitudinal slope, the rescue actions of the occupants were under the most adverse 
conditions of toxic and irritating fumes, because the rescue could not be downstream of the 
incident, due to the vehicular obstruction of the entire tunnel. However, there was no forced 
ventilation to mitigate the risk of death by asphyxiation and/or poisoning, nor was there an 
extinguishing system to cool the overheated and still burning engines after the multiple 
collisions. 

7. VENTILATION AS A DYNAMIC SYSTEM FOR RISK MITIGATION 

It is documented in many specialist papers, statistics published by the different PIARC technical 
committees, and others, the serious events that can take place in short tunnels [1], a brief non-
exhaustive list of accidents involving fires or just accidents, is presented below: 
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ACCIDENTS WITH/WITHOUT FIRES IN SHORT TUNNELS [2] 

     Damage 
Year Tunnel Country Tunnel 

Length m 
(ft) 

Fire 
Duration 

People Vehicles Structure 

1967 Suzaka Japan 244 
(800) 

11 h 2 injured 12 trucks - 

1968 Moorfleet Germany 243 
(800) 

1 h - 1 truck Serious 

1976 Crossing BP France 430 
(1,410) 

1 h 12 
injured 

1 truck Serious 

1987 Gumefens Switzerland 343 
(1,125) 

2 h 2 dead 2 trucks, 
1 van 

Slight 

1989 Brenner Austria 412 
(1,350) 

 2 dead, 5 
injured 

  

1993 Serra Ripoli Italy 442 
(1,450) 

2h 30 
min 

4 dead 
4 injured 

5 trucks 
11 cars 

Limited 

1996 Isolla delle 
Femmine 

Italy 148 
(485) 

- 5 dead 
20 

injured 

1 tanker, 
1 bus, 

18 cars 

Serius 

2001 Guldborg-
sund 

Denmark 460 
(1,509) 

- 5 dead 
6 injured 

  

2022 La Línea Colombia 190 
(623) 

- 7 dead 
30 

injured 

1 truck, 
5 cars 

3 buses 

- 

 

According to the context of the present document, the ventilation system is a dynamic system 
that must be considered for short tunnels due to the following circumstances that a priori may 
not be identifiable: 

1- Longitudinal slope of the short tunnel greater than 3% finally constructed. 
2- Dangerous goods content of the vehicle(s) involved. 
3- Production of fumes due to combustion or spillage of hazardous materials from the vehicles 
involved. 
4- Condition of the engines left running after the collision. 
5- Unavailability of water for the cooling of the burning engines, to avoid the start of possible 
combustions of the crashed vehicles. 
6- Difficulty for the emergency brigades to reach the exact spot due to the obstruction of the 
accident vehicles and the line of vehicles formed before and after the tunnel. 
7- Rescue and extraction of the injured in the most unfavorable conditions upstream of the 
accident, under conditions of smoke either from fire or combustion of the spills, or smoke 
emission from the burning engines. 

8. CONCLUSIONS 

- Each design standard for the safety of road tunnels has defined a different length for the so-
called short tunnels, ranging from 30 m to less than 500 m. This is a very wide range where the 
length of the tunnels can vary. This is a very wide range where there may be other conditions 
that are difficult to control through prescriptive design or through risk analysis. 
- The infrastructure of a tunnel and the roads that connect to its entrance are static systems, 
because they have no variation or adjustment after operation. 
- The interactions between man and infrastructure produce processes that are dynamic, not 
static.  
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- There is no risk associated with the static nature of the infrastructures, but there is a risk 
associated when man interacts with them.  
- Dynamic systems are all those that collaborate in a time-varying manner to modulate the risks 
generated by the interaction between vehicles, occupants and the infrastructure itself. 
- The dynamic systems will be: ventilation systems, detection systems, fire detection and 
extinguishing systems when they must be activated, ITS, signaling, communications, 
emergency brigades when they are activated, etc. They are all the resources and systems that 
assist in a continuous and sustained manner over time the management of vehicular traffic 
through the tunnel or road corridor, and will vary in behavior and performance according to the 
variation of the events generated by the vehicles in transit.   
- The ventilation system is a dynamic system that should be considered for short tunnels, and 
therefore, a systematic review of the worldwide regulations should be initiated, with respect to 
the classification of tunnels that only prescriptively links the parameters of length and traffic 
volume. 
- A conventional risk analysis methodology does not resolve design singularities by virtue of 
the interaction of static systems and dynamic systems. 
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