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It is several years since the first edition of The Handbook of Tunnel
Fire Safety appeared in 2005, which followed a series of very serious
fires in tunnels. Since then, much has taken place. Firstly, there has
been research under the aegis of various programmes, such as
UPTUN and SAFE-T. Secondly, there have been more very serious
fires in both road and rail tunnels. The fact that such fires continue
to take place means that there is no room for complacency. Tunnel
construction worldwide has continued at a fast pace in recent years,
in both urban (e.g. the Shanghai metro) and non-urban (e.g. the
Gotthard Base Tunnel) settings. Rapid changes, both in the
technology and methods directly associated with tunnels and in
society in general, mean that research and learning from the
experience of others becomes ever more important. In addition,
every tunnel is unique, and there is no ‘one size fits all” solution.
Alongside this there is a concern within society about tunnel safety
and fire safety in particular. This Handbook is for all those
involved, from fire brigade personnel, who are at the sharp end
when a tunnel fire occurs, to tunnel designers, operators and
regulators, as well as researchers. It is intended that a central theme
runs through the book: the need to see fire risk as a product of the
working of a system. Therefore, considerations regarding emergency
planning and design against fire need to be brought in at the
beginning of the design stage; the philosophy of regarding fire safety
measures as a ‘bolt-on’ after a design has largely been completed is
now totally unacceptable, especially given the ever longer and more
complex tunnels being built or planned.

Within this context, it is hoped that this text will provide a bridge
between tunnel fire research and those who need to know the basic
results, techniques and current thinking in relation to tunnel fire
safety. It is also a vehicle for the transmission of experience gained
from real-world tunnels. The Handbook covers a wide spectrum,
and the chapters are written by international experts in various
fields. Much remains to be done, however. For example, while we
know more than we did about human behaviour during tunnel fire
incidents, there is still a long way to go. In addition, the
prevention of fires in tunnels, as opposed to trying to provide
protection once a fire has broken out, requires much more
consideration. The issue of which fire protection measures to
adopt has come to the fore in recent years, and this is reflected in
these pages. A key question is “‘What is most appropriate?” rather
than, necessarily, ‘What is the newest?’. Furthermore, the general
move towards performance-based decision-making implies the use
of models, and this is problematic, as it relates to the question of
what is ‘acceptable risk’ in relation to tunnel fires. Much
consideration and debate needs to take place in this area, including
all those involved and affected. This Handbook is intended to
represent the broad sweep of knowledge available at the present
time, and it is hoped that it will become a valuable resource for all
those concerned with tunnel fire safety.

Alan Beard
Richard Carvel
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The general shift from prescriptive to performance-based decision-
making implies the use of models, both experimental and
theoretical, and risk assessment. Risk assessment may be
qualitative or quantitative, deterministic or non-deterministic; or a
mixture of these elements. While, in principle, this shift has
advantages, there are many problems as well (Beard and Cope,
2008). As a general rule, the conditions do not yet exist for reliable
and acceptable use of complex computer-based models as part of
tunnel fire safety decision-making, and these conditions need to be
created (see the Chapter 29). Given the degree of flexibility
possible in the application of models, and the uncertainty in the
conceptual and numerical assumptions of models, it may be quite
possible to present an option desired (for whatever reasons) by a
client as justifiable, whether using a probabilistic or deterministic
model, or a mixture of both. Some countries, most notably Japan,
do not use risk assessment (i.e. quantitative risk assessment at
least) other than in relatively rare cases.

Prescriptive requirements represent a rich seam of knowledge and
experience. There are good reasons why it is sensible to move to a
system that includes risk assessment. However, it would be wise
not to throw prescriptive regulations overboard en masse. Indeed,
an element, perhaps a large element, of prescriptive regulation
should be retained in a system of design and regulation. The
question becomes: what is a ‘healthy mixture’ of prescriptive
requirements, qualitative risk assessment and quantitative risk
assessment?

If risk assessment is to be justifiably employed as part of tunnel
fire safety decision-making, then a sound knowledge base needs to
be created, and this needs to be continually updated because
systems change. Research, and the translation of research results
into practice, become essential, and experience gained in one
quarter needs to be shared. This is where the present Handbook
comes in. While a lot has been done over the last few years to add
to the knowledge base, there are many questions and issues
remaining, and new questions and issues will emerge as time
passes. While a significant amount of research has been conducted
in recent years, only a relatively small amount has been published
in the standard literature and subjected to peer review and critical
comment by others. While peer review certainly has problems, it is
important for research to be subjected to critical comment.
Furthermore, much research and testing is carried out but results
are kept confidential, for commercial or other reasons, or only
selected results may be released. In addition, the basis of decisions
may not be made public. Such secrecy is not acceptable in relation
to public safety decision-making.

Questions and issues are raised throughout the chapters of this
book. Some basic issues, in no particular order of importance,
which exist in relation to tunnel fire safety are given below; there is
no doubt that there are many others.

®  Fire risk in tunnels is a result of the working of a system
involving design, operation, emergency response and tunnel
use. That is, fire risk is a systemic product. Furthermore, this

XVii
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‘tunnel system’ involves both ‘designed parts’ and
‘non-designed parts’ (e.g. traffic volume or the individual
behaviour of users). The designed parts need to take account
of the non-designed parts as much as possible.

Tunnels are becoming ever larger and more complex. How do
we deal with this?

The system changes — the tunnel system that exists at the time
of opening will be different from the tunnel system that exists
a few years later.

What is to be regarded as acceptable for fire risk with regard
to: (1) fatality/injury, (2) property loss and (3) disruption of
operation? This applies to both new and existing tunnels.
What is to be an acceptable methodology for tunnel fire safety
decision-making?

Risk assessment needs to be carried out in as ‘independent’

a way as possible.

Given the need for a ‘healthy mixture’ of prescriptive and non-
prescriptive elements in decision-making, a framework needs
to be created within which both deterministic and non-
deterministic models may play a part. A synthesis of
deterministic and non-deterministic elements needs to be
achieved.

Both large- and full-scale experimental tests, as well as
small-scale experimental tests, are needed. Tests are needed
that simulate, as far as possible, real tunnel incidents, such as
collisions. Tests using real vehicles and real (different) cargoes,
not just mock-ups, are also required, as are tests on modern
vehicles.

Experimental tests need to be replicated, because of the
variability in the results obtained using ostensibly ‘identical’
tests.

With regard to operator response, (a) to what extent is
automation feasible or desirable, and (b) to what extent can
decision-making during an emergency be simplified and yet
still be suitable to cope effectively with different emergency
situations, in increasingly complex tunnel systems?

While more is now known about the dynamics of tunnel fires,
much more still needs to be known. For example, more
knowledge is needed about the conditions for flame
impingement, factors affecting flame length, the effect of
ventilation on fires, and the production of smoke and toxic
gases.

With regard to fire suppression, what kinds of system are
appropriate, and how do such systems interact with
ventilation?

How is real human behaviour (both users and operational/
emergency staff) to be taken into account in tunnel-fire
emergencies? While more is now known about this, there is
still a very long way to go.

Is a reliance on computers for the operation of tunnel
safety-related equipment introducing a new vulnerability?
How can we learn as much as possible from real events, near
misses, etc.? There needs to be an openness about reporting on
such matters, without repercussions.
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The research needed is implied by the issues raised above. More
specifically, to pinpoint a very few, some key research questions
that need to be answered are as follows.

= What are effective ways of preventing fires occurring in
tunnels?

®  What are the factors affecting tunnel-fire size and spread?

B What are the characteristics of different tunnel-fire suppression
systems?

=  How do human beings behave in tunnel-fire emergencies —
both users and tunnel staff and fire brigade personnel? The
behaviour of the elderly, the young and the disabled, as well as
‘average’ people, needs to be understood.

B What are effective evacuation systems?

®  To what extent should the emergency response be ‘automated’?

®  How can the flexibility and uncertainty inherent in the models
used as part of fire safety decision-making be dealt with?

These matters are addressed to some degree in this Handbook, as
are other issues and the required research areas implied in the
associated chapters (e.g. Chapter 25). International collaboration
in research has played an important role in the past, and may be
expected to continue to do so. There needs to be a continuing
strategy for tunnel-fire research, involving both international
collaboration and effort by individual countries. Furthermore,
there needs to be an openness about research results and
decision-making. However it is done, these issues and the
associated implied research areas need to be effectively addressed
for the benefit of all countries and their citizens.
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1.1.  Introduction

According to French (Perard, 1996), German (Baubehorde Highways Department, 1992),
Swiss (Ruckstuhl, 1990) and Italian (Arditi, 2003) statistics, accidents seem to occur less
frequently in road tunnels than on the open road. This is possibly because tunnels are a more
‘controlled’ environment than the open road; there are generally no complications caused by
weather, there are fewer junctions and no sharp bends, and drivers tend to be more attentive
when driving in tunnels. However, there is no doubt that the consequences of a fire in a tunnel
can be far more serious than the consequences of a fire in the open air. According to the
French statistics, there will only be one or two car fires (per kilometre of tunnel) for every
hundred million cars that pass through the tunnel. Similarly, out of every hundred million
heavy goods vehicles (HGVs) passing through a tunnel, there will be about eight fires (per kilo-
metre of tunnel), only one of which will be serious enough to cause any damage to the tunnel
itself. On the basis of the statistics, it has been estimated that there will be between one and
three very serious fires (i.e. involving multiple vehicles and fatalities) out of every thousand
million HGVs (per kilometre of tunnel).

The chance of a serious accidental fire may sound vanishingly small from these statistics, but
when one considers that many road tunnels have very high traffic densities (e.g. about
37 million vehicles per year travelled through the Elb Tunnel in Germany in the mid-1990s
(Baubehorde Highways Department, 1992)), there are over 15000 operational road, rail and
underground railway/metro tunnels in Europe alone, and that some of these tunnels are many
kilometres long, the chance of a serious fire incident in a tunnel may be greater than is
commonly thought. Indeed, significant and fatal accidental fires in tunnels seem to occur on an
annual basis.

This is a serious problem, and has the potential to become much worse in the future as more
and longer tunnels are constructed and as traffic densities increase. Several of the chapters in
this Handbook deal directly with issues relating to the fire safety of tunnels in the future, but
this chapter looks to the past to see what can be learned from the fire incidents that
have already happened in tunnels. First, a small number of case studies is discussed, and this
is followed by a list of serious and significant fire incidents in tunnels. As the issues involved
in road-tunnel fires and rail-tunnel fires are significantly different, these are considered
separately.
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1.2.  Fires in road tunnels

On 24 March 1999, a HGV travelling through the Mont Blanc Tunnel from France to Italy
caught fire, possibly due to the engine overheating. This HGV stopped 6 km into the tunnel,
when the driver became aware of the fire; he was unable to put the fire out, and fled, on foot,
towards Italy. Within minutes the tunnel operators were aware of the fire, and prevented further
vehicles from entering the tunnel. However, 18 HGVs, nine cars, a van and a motorcycle had
already entered the tunnel from France after the first HGV and before the tunnel was closed.
Of these 29 vehicles, four HGVs managed to pass the burning HGV and travel on towards
Italy in safety, but the other 25 vehicles became trapped in the smoke and eventually became
involved in the fire. Nobody travelling in any of these vehicles survived. Due to the prevailing
wind direction (from the south) and the different ventilation regimes at either end of the tunnel
(all ventilation ducts at the Italian end were set to supply fresh air, whereas at the French end
some ducts were set to supply and some were set to exhaust), virtually all the smoke from the
fire was carried towards France. As the airflow velocity was more than 1 m/s, the smoke did
not remain stratified, and within minutes there was no fresh air in the tunnel downstream of
the fire. The fire grew to involve the 25 vehicles behind the first HGV, eight HGVs (which had
been abandoned by their drivers travelling from Italy to France, the nearest one being some
290 m from the initial HGV fire), and the first fire-fighting vehicle which entered the tunnel
from the French side (which was almost half a kilometre from the nearest vehicle on fire). It is
unclear how the fire managed to spread such distances, although explanations such as burning
liquid fuels and the involvement of pavement materials in the fire have been proposed. At the
height of the fire, the blaze was estimated to have been about 190 MW in size, with temperatures
in the tunnel exceeding 1000°C. The fire took 53 hours to extinguish, and hot spots were still being
dealt with after 5 days. Thirty-eight tunnel users and one firefighter died as a result of the fire, 27 in
their vehicles, two in an emergency shelter (designed to protect life in the event of a fire) and the
rest on the roadway trying to reach the French portal (Lacroix, 2001). This was the greatest ever
loss of life in any road-tunnel fire (except the Salang fire in 1982, which involved an explosion as
well as a fire, see below).

The incident in the Mont Blanc Tunnel was the eighteenth HGV fire recorded in the tunnel since it
opened in 1965. Of the other 17 incidents, most had been minor, and only five required the inter-
vention of the fire brigade; none of the other incidents resulted in any fatalities. No single factor
was responsible for the severity of the fire; rather the fire became a tragedy due to a combination
of factors, including the weather conditions, the different ventilation regimes at each end of the
tunnel, and the highly flammable nature of the trailer (insulated with polyurethane foam) and
its cargo (margarine and flour) on the initial HGV.

On 7 April 1982, a collision in the Caldecott Tunnel, Oakland, USA, occurred when a passenger car,
driven by a drunk driver, collided with the roadside and came to an abrupt halt. The stationary car
was struck by a petrol tanker, and subsequently the tanker was struck by a bus, causing the tanker
to turn over, partially rupturing and spilling some of its load. The spilt petrol soon ignited, and the
blaze grew to involve the tanker, the car and four other vehicles in the tunnel. Seven people were
killed (NTSB, 1982). Although some of the petrol spilled out of the tanker, it appears that a
large quantity of the fuel remained in the tank. Once the fire had reached a sufficient temperature
to melt the aluminium walls of the tanker, the ‘top’ of the tanker (i.e. the side that was uppermost
after the crash) collapsed, creating a large, deep pool of petrol, which ignited and burned fiercely for
over 2 hours until firefighters were able to extinguish it (Satoh and Miyazaki, 1989). Once again, a
combination of factors brought about a disaster.

4
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On 11 July 1979, a collision in the Nihonzaka Tunnel, near Yaizu City, Japan, resulted in a fire
that destroyed 173 vehicles. However, the seven fatalities that occurred during the incident
were all a result of the crash itself, not the fire; over 200 people escaped the tunnel on foot
before the fire became established. The Nihonzaka Tunnel is unique among those described
here, in that it had a water spray system to suppress fires. This automatic system began sprinkling
the tunnel only 11 minutes after the crash, and this successfully suppressed the growth of the fire
for about half an hour — long enough for all the people in the 2 km long tunnel to walk out. After
this time, however, the unburned fuel vapours reignited, and the fire established itself once more.
One hour later, the sprinkler reservoirs ran dry, and the fire grew dramatically. It was 2 days
before the blaze was ‘under control’, and a further 5 days before it was extinguished altogether
(Oka, 1996).

It seems that human behaviour (including, but not restricted to, human error) is a major factor
contributing to fatalities in road tunnel fires. The fires in the Nihonzaka and Caldecott Tunnels
both started as a result of a collision, whereas many of the people who died in the Mont Blanc
incident may have survived if they had evacuated their vehicles quickly and run away from the
smoke. The conditions in the Mont Blanc Tunnel may also have been less severe if the operators
in the control centres had adopted a different ventilation strategy; during the fire incident, venti-
lation duct 5 was set to supply air at a number of locations, including the fire location; if it had
been set to extract smoke, there would have been less oxygen to feed the fire (Lacroix, 2001).
In the list of tunnel-fire accidents given at the end of this chapter, approximately one-third of
all road-tunnel fires started as the result of human behaviour, while just over half of the incidents
started due to mechanical or electrical failure. One of the primary lessons to be learned from these
incidents is that road-tunnel users (i.e. vehicle drivers) need to be appropriately informed in case
of an emergency, and this is particularly true in long road tunnels. It is also incumbent upon
tunnel designers and operators to take account of human behaviour in tunnel situations (see
Chapters 19-21). However, at present, very little is known about human behaviour in emergency
situations in tunnels.

The list of accidents in road tunnels given at the end of this chapter shows that any type of vehicle
may be involved in fire incidents, either as the first ignited object, or due to fire spread. Fire inci-
dents in road tunnels have involved private cars, HGVs of all kinds and with various cargoes
(sometimes, but not always, including dangerous goods), motorcycles, vans, camper trucks,
and urban and tourist buses. Most of the incidents that have led to multiple fatalities have
involved one or more HGVs; these have generally contributed greatly to the overall fire load
involved in the incident, and these large fires have meant that direct fire-fighting has been
extremely difficult and rescue operations have been hindered. These HGVs were not necessarily
carrying ‘dangerous’ or ‘hazardous’ goods.

It may also be observed from the list of accidents that several fire incidents involving passenger
coaches or buses have been recorded. However, most of these incidents involved few, if any,
casualties. Considering that the number of potential victims in a single passenger coach is compar-
able to the overall death toll observed in the Mont Blanc fire disaster (which involved numerous
vehicles), this seems quite surprising. The lack of serious incidents involving buses and coaches is
possibly due to improved safety features, and to some extent, a greater awareness of safety issues
at the design stage, of modern buses and coaches. These features have come to be in place as a
consequence of a number of tragic incidents in the past, such as the accident near Beaune,
France, in July 1982, which involved 53 fatalities, including 44 children. Hopefully, tunnels can
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also be made safer environments at the design stage; indeed, it is essential that fire safety be
considered at the design stage, and not later as an ‘add on’. This will only come about if we
can learn the lessons of the past.

1.3.  Fires in rail tunnels

The majority of mass-transit systems used for public transport are railway systems, which
generally consist of trains, each with the capacity for carrying several hundred passengers.
These systems clearly have a much higher potential for a large number of casualties in the
event of a fire, compared with fires in road tunnels. Two incidents in recent years have highlighted
the horrendous scale of possible consequences of fires in mass-transit (metro) systems: in 2003,
nearly 200 people died following an arson attack on an underground railway/metro train in
South Korea; and, in 1995, over 200 people died following an electrical fire on an underground
railway/metro train in Azerbaijan (see below).

Fire disasters have also occurred on conventional and funicular railways. On 11 November 2000,
a fire started on a funicular railway carrying skiers up to the Kitzsteinhorn glacier, near Kaprun in
Austria. Had the train been travelling up the side of the mountain rather than through a tunnel, it
is unlikely that the fire would have made the news outside of Austria, but due to the confines of the
tunnel the fire was directly responsible for the deaths of 151 people on the train, the driver of a
second train in the tunnel and three people near the top portal of the tunnel. The handful of
survivors were those who fled down the tunnel (past the fire); those trying to escape the fire by
going up the tunnel were all killed by smoke.

The reports on the Kaprun incident indicate that the majority of the passengers on the train did
not manage to get off the train before they succumbed to the poisonous smoke (Schupfer, 2001).
This was also the case in the fire incident on a Baku underground railway/metro train on 28
October 1995. The bodies of 220 passengers were found on the train itself, while a further 40
passengers succumbed to the fumes while making their way along the tracks toward the station
(Hedefalk et al., 1998).

In both these cases the lack of a safety management system was partly responsible for the number
of deaths. In the Kaprun incident, the train was held to be “fire proof ’ so the consequences of a fire
onboard had never been considered, and the possibility that the passengers could be carrying
flammable materials, at least in the form of clothing, also appears to have never been considered.
In the Baku incident, the lack of communication and the ad hoc operation of the ventilation
system also led to fatalities. Some 15 minutes after the fire started, the emergency ventilation
system was switched on, and this directed the smoke towards the majority of the passengers —
the lack of communication meant that those in the control room had no idea what was going
on at the fire (Hedefalk ef al., 1998).

Aside from these incidents, large-scale fires rarely happen on passenger trains, as there is
comparatively little fuel to burn and, usually, many people are able to extinguish the fire while
it is still small. This is not the case for goods trains.

On the evening of 18 November 1996, one of the HGVs onboard a HGV carrier shuttle in the
Channel Tunnel caught fire. Upon entering the tunnel, the fire size has been estimated to have
been about 1.5MW; when the fire reached its maximum extent, its size was as much as
350 MW and involved ten HGVs and their carrier wagons. Unlike the Baku underground
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railway/metro and the Kaprun funicular tunnels, the Channel Tunnel is a very well equipped,
modern tunnel with good communications and a carefully planned safety management system,
which utilises frequent cross-passages to the service tunnel along the length of the tunnel, a sup-
plementary ventilation system to control smoke movement, and a positive-pressure ventilation
system in the service tunnel to prevent smoke entering the cross-passages. Although the sup-
plementary ventilation system was not fully operational until some 30 minutes after the fire
was first detected, the safety management system was able to enable the escape of all the HGV
drivers and the crew into the service tunnel, with no fatalities and only two escapees requiring
significant hospital attention (Allison, 1997). However, this should not allow for complacency.
The result may have been very different had the fire started on a HGV close behind the amenity
coach, which carried the HGV drivers; instead of starting a considerable distance behind the
amenity coach, towards the other end of the train. After all the people had been successfully
evacuated, the supplementary ventilation system maintained a ventilation velocity of 2.5m/s in
the tunnel, which may have helped fan the fire and thus enable it to grow to such a size. The
main fire was extinguished by 5 a.m. the following day, some 7 hours after the fire was first
detected, by firefighters working in relays. Minor smouldering and fires were still in evidence
24 hours later. Two other significant fires have occurred in the Channel Tunnel since 1996. In
2006, a fire completely destroyed one HGV but, remarkably, did not spread to either of the
adjacent vehicles, and in 2008 a very large fire developed in much the same manner as the 1996
fire, destroying many vehicles and causing major structural damage to the tunnel (see below).

Possibly the most severe train fire in a tunnel also resulted in no fatalities. On 20 December 1984, a
goods train pulling 13 petrol tankers derailed in the Summit Tunnel, near Rochdale, England. The
resulting fire burned for 3 days and the flames from the fire reached heights of 120 m above the top
of the tunnel ventilation shafts. Remarkably, the train driver escaped unharmed (Jones, 1985).

The majority of train fires in tunnels appear to have started as the result of electrical or mechanical
failure, with only a small percentage starting as a direct result of human behaviour. The picture for
underground railway/metro fires is slightly different; very few fires started as the direct result of
human error, about two-thirds started as the result of electrical or mechanical failure, while
more than one in ten of the fires were started deliberately.

An important fire safety issue concerning existing railway tunnels has been raised. While a
significant number of safety measures have been implemented in tunnels constructed in the last
few decades, there are a vast number of older tunnels, particularly in Europe, many of which
are over a hundred years old. It has been questioned whether fire safety requirements can ever
be met in these tunnels and, indeed, if it is even safe for fire-fighters to attempt to fight fires or
mount rescue attempts in such tunnels (Nothias, 2003). In many cases (e.g. the Mornay Tunnel
fire in 2003), there is not even a local water supply for fire-fighters to use. The problems
associated with fire-fighting and rescue are discussed in more detail in Chapters 26-28 on
emergency procedures and fire and rescue operations.

1.4. Concluding comments

Although there have been a number of fire incidents on trains in tunnels, it seems that fires in road
tunnels are more frequent, although the number of fatalities in road-tunnel incidents generally
seems to be far smaller than in train fires. Indeed, the combined death toll of the Baku and
Daegu underground railway/metro system fires is greater than the total number of fatalities in
all recorded road-tunnel fires.
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The main consideration for fire safety management in tunnels is reducing the risk of fatalities.
However, there are also life-safety issues involved in freight transport, despite there generally
being few crew members on freight trains. These factors cannot be demonstrated by actual histor-
ical events, as such fires have not (yet) happened, but it is unwise to wait for a disaster to occur
before trying to avoid such events in the future. A study was undertaken to investigate what
the consequences might have been if the freight train fire that occurred in Baltimore, USA, in
2001 had involved nuclear waste. Under those circumstances, the fire would have resulted in
the exposure of more than 390000 people to extremely high levels of radiation, and would
have had significant consequences over many hundreds of square miles of the surrounding area
(Lamb and Resnikoff, 2001). This example may sound rather extreme, but the rail tunnel in
which the fire occurred was actually being considered as part of the route for the transport of
nuclear waste.

Fires in tunnels are an international concern. The list given in the following section details 75
major fires that have occurred in 23 countries in Europe, Asia, Africa, North America and
Oceania. It is apparent from the list that tunnel fire incidents have not only occurred while tunnels
are in normal operation, but have also occurred during the excavation and construction phase,
during repair and refurbishment works, and even during the pre-commissioning period. Indeed,
a minor fire broke out on a bus carrying about 50 attendees through the Laerdal Tunnel in
Norway to the opening ceremony of the tunnel. During construction or repair, evacuation
routes may be limited or possibly not even available, and some extraordinary fire loads may be
present, requiring specific emergency response tactics.

Very often the length of a tunnel is presented as an important factor contributing to risk, in
particular to the extent that a long tunnel may have a negative influence on drivers’ behaviour.
However, the list of tunnel fires presented below demonstrates that serious fire incidents have
often occurred in relatively short tunnels, not only long ones. Of particular note is the incident
in the Isola delle Femmine tunnel, ITtaly, in 1996. At only 148 m long, this tunnel is one of the
shortest recorded here, yet the incident was one of the most severe.

The analysis provided here also clearly illustrates that valuable lessons may be learnt from past
accidents. In addition, cases that may be perceived as ‘near misses’, a few of which are presented
below, may be more instructive than imagined by tunnel designers and operators (Bodart et al.,
2004). This is the reason why any initiative leading to more efficient reporting and recording of
any significant incidents in tunnels should be encouraged in the future. Easily accessed, online
databases were developed as part of recent European Union initiatives. These represent a step
in the right direction, making the information available to a wide audience and allowing for
systematic updating of data records in the future. Moreover, legislators have the power to
render these processes mandatory. The French authorities have already done this by publishing
a circular (French Ministry of Equipment, Transportation and Lodging, 2000) which, among
other requirements, demands that tunnel operators report all accidents of significance in tunnels
according to a prescribed framework. This framework has been used as the basis of the structure
of the online tunnel accidents database, which is available on the European Thematic Network of
Fires in Tunnels (FIT) website (see reference list).

1.5. A history of tunnel-fire incidents
The list of fire incidents presented in the first edition of this handbook was as comprehensive as
was possible at the time of writing, in 2004. That list contained details of all fatal tunnel-fire
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incidents and significant multi-vehicle fires from 1842 to 2004. It also contained details of many
minor fires. The list presented here is shorter and does not aim to be comprehensive, but rather is a
list of fatal, or otherwise significant, tunnel-fire incidents from the nineteenth century through to
2010.

1.5.1  Fires since 2000

Eiksund Tunnel, 7.7 km long, Norway, 2009

A lorry and a small van collided in the middle of the Eiksund Tunnel on 28 June 2009. The vehicles
caught fire immediately. Five young people died. The emergency services could not reach the
incident to fight the fire, due to heat and dense smoke. The Eiksund Tunnel, which opened in
2008, is notable for being the deepest underwater tunnel in the world, reaching 267 m below
sea level. (See EuroTest website, in the reference list.)

Channel Tunnel, 51 km long, UK/France, 2008

On 11 September 2008, a fire started in one of the goods vehicles near the front of a Channel
Tunnel shuttle travelling from the UK to France. The fire was detected several minutes after
the train entered the tunnel, and the train was stopped in the French half of the tunnel, about
11.5km from the French portal. The fire appears to have grown and spread very rapidly, much
like the 1996 fire, but the fire on this occasion involved several more carriages and the damage
to the tunnel extended to 650 m. The crew and passengers were safely evacuated to the service
tunnel, with only minor injuries (BEA-TT and RAIB, 2010; Carvel, 2010).

Newhall Pass tunnel, 166 m long, Interstate 5, California, USA, 2007

An accident occurred, in rainy conditions, at night on 12 October 2007 in a short tunnel on
Interstate 5, the main road between Los Angeles and San Francisco. One truck lost control
and struck the barrier at the side of the carriageway. Other trucks collided with the first, and a
large fire started, just outside the exit portal of the tunnel. There were three fatalities and 23
people were injured. The fire, driven by the prevailing wind, spread to involve the queue of vehicles
that had formed in the tunnel. It took 24 hours to bring the fire under control, and major struc-
tural damage occurred (Bajwa et al., 2009; see EuroTest website).

Cabin Creek hydropower plant, Colorado, USA, 2007

A fire broke out during the refurbishment of a water tunnel at a power station on 2 October 2007.
The fire, which involved flammable chemicals used for cleaning purposes, blocked the only escape
route for the workers, five of whom were trapped and died from smoke inhalation. (See Penn
Energy website, in the reference list.)

San Martino Tunnel, 4.8 km long, near Lecco, Italy, 2007

On 10 September 2007, a lorry crashed into the tunnel wall and caught fire. This triggered a pile-
up. It took rescue services 45 minutes to arrive at the scene of the accident. Two people died and
ten people were taken to hospital suffering from smoke poisoning. (See EuroTest website.)

Burnley Tunnel, 3.5 km long, Melbourne Australia, 2007

On 23 March 2007, a rear-end collision caused a pile-up involving three lorries and four cars,
and this resulted in explosions and a fire. Three people died in the accident. The tunnel’s
deluge system was operated very quickly and contained the fire. About 400 tunnel users were
able to safely escape the tunnel on foot. (See the EuroTest website, and Chapter 4 on the Burnley
fire.)
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Eidsvoll Tunnel on E6, 1.2 km long, near Oslo, Norway, 2006

On 26 October 2006, there was a head-on collision between a car and a fuel tanker. The tanker
caught fire immediately. The car driver died in the accident, while the tanker driver was able to
escape injured. (See EuroTest website.)

Viamala Tunnel, 0.7 km long, Switzerland, 2006

On 16 September 2006, there was a crash involving a bus and two cars, which resulted in a fire. The
fire spread to two further cars. Nine people died in the incident and a further five were injured.
(See EuroTest and FIT websites.)

Highway tunnel on B31, 0.2 km long, near Eriskirch, Germany, 2005

On Christmas day 2005, a car skidded and collided with an oncoming car, and hit the tunnel wall.
The vehicle caught fire, and four people aged 18-23 years burned to death, and a fifth victim was
thrown from the car. (See EuroTest website.)

Channel Tunnel rail link (during construction), Kent, UK, 2005

On 16 August 2005, an explosion on a train led to a fire that killed one worker at the site and
resulted in the death of a second worker, due to severe burns, 4 days later (BBC News, 17 and
21 August 2005, 17 March 2011).

Fréjus Tunnel, 12.9 km long, France/Italy, 2005

On 4 June 2005, a HGV with a load of tyres caught fire and stopped in the tunnel. The fire spread
to three other HGVs on the opposite carriageway. There were two fatalities in one of the HGVs. It
appears that these people remained for too long in the cab of their vehicle and did not attempt to
leave it until it was too late. Fire-fighters attending the scene described how the intense heat from
the fire melted the roadway under their feet. (See EuroTest website; CNN, 5 June 2005.)

Baregg Tunnel, 1.1 km long, near Baden, Switzerland, 2004

On 14 April 2004, a lorry collided with a car and two other lorries, which had stopped in the
tunnel because of an earlier collision. The car was completely crushed and caught fire, and the
fire subsequently spread to one of the lorries. The driver of the car died and five other people
were injured. (See EuroTest website.)

Dullin Tunnel, 1.5 km long, near Chambéry, France, 2004

On Sunday 18 January 2004, a fire started in the engine compartment at the rear of a coach
carrying 37 tourists to the ski resort of Courchevel. Rather than stopping in the tunnel, the
driver drove the bus for about 1 km to the tunnel portal, despite flames in the passenger compart-
ment forcing the passengers to the front of the coach. Once outside the tunnel the passengers were
able to evacuate the bus safely, but the fire spread rapidly to consume the entire vehicle. The local
fire brigade praised the bus driver for his actions (BBC News, 18 January 2004).

Flgyfjell Tunnel, 3.1 km long, Bergen, Norway, 2003

At about 4.20 p.m. on Monday 10 November 2003, a car fire occurred about 1.9 km into the
southbound tube. The car initially crashed into the left-hand wall before careering across the
carriageway into an emergency telephone box on the right. The car immediately burst into
flames, and the fire soon spread to involve the tunnel lining material. Unusually for a tunnel in
Europe, the Floyfjell Tunnel has a sprinkler system. Eleven sprinkler heads activated auto-
matically (within one minute of the crash), and this quickly extinguished the fire involving the
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tunnel lining, but not the car fire. Some tunnel users attempted to fight the car fire using portable
extinguishers, but were unable to approach the car due to the severity of the fire. The fire brigade
arrived after 6 minutes and quickly extinguished the car fire. The driver of the car was trapped in
his vehicle because of the crash, and died in the fire (Damsgaard and Svendsen, 2003).

Guadarrama rail tunnel, 30 km long (under construction), Spain, 2003

An accident occurred on 6 August 2003 on a train near the tunnel portal. The train crew escaped
the tunnel before the smoke became too thick, but 34 construction workers were trapped about
3 km inside the tunnel by heavy smoke. They took refuge in an air pocket in the tunnel and
were rescued after 5 hours. Initial reports suggested, incorrectly, that the trapped workers had
been on the train when it caught fire (Tunnels & Tunnelling International, 2003).

Mornay Tunnel, 2.6 km long, between Bourg-en-Bresse and La Cluse, France, 2003

On 2 May 2003, a fire broke out in a passenger carriage on an ‘autorail’ train. Once the fire was
detected the train stopped automatically, about 300 m from the tunnel portal. The tunnel,
constructed in 1877, is a single-tube, single-track tunnel, with no lighting and no ventilation
system. All the 17 passengers on board were able to self-rescue before the arrival of the fire service.
On arrival, however, the fire-fighters had to overcome major problems to fight the fire; there was
no local water supply and the railway company could not provide assistance immediately. The
fire-fighters blocked a nearby river (using parts of the railway fixtures) to obtain a water
supply. The fire took 5 hours to bring under control (Nothias, 2003).

Jungangno underground railway/metro station, Daegu, South Korea, 2003

On the morning of Tuesday 18 February 2003, an arson attack on an underground railway/metro
train in Jungangno station, near Daegu city centre, led to the deaths of at least 189 people. The
arsonist used a small quantity of petrol and a cigarette lighter to start the fire on a stationary
train in the station. The fire quickly spread to engulf the whole six-carriage train. After the under-
ground railway/metro operators became aware of the fire, a second train entered the station and
stopped near the burning train. The doors of this second train did not open. The fire spread to the
second train, where most of the fatalities occurred. In addition to the fatalities, more than a
hundred people, including the arsonist, were treated for smoke inhalation. Following the incident,
the head of the underground railway/metro corporation was fired, and six members of the railway
staff were arrested and charged with negligence (BBC News, 18, 19, 23 and 24 February 2003;
Burns, 2003; Marlair et al., 2004, 2006).

St. Gotthard Tunnel, 16.9 km long, near Airolo, Switzerland, 2001

On Wednesday 24 October 2001, a very large fire resulted from a head-on collision between two
HGVs, one carrying a load of rubber tyres. The fire resulted in 11 fatalities, the destruction of 23
vehicles and the collapse of over 250 m of the tunnel lining. Had the tunnel not been equipped with
a parallel service tunnel, it is likely that the death toll would have been much higher. As the result
of a review following the Mont Blanc Tunnel incident, the St. Gotthard Tunnel had recently had
its lighting improved and was scheduled to have its ventilation system upgraded in the summer of
2002. The fire burned for over 2 days (Turner, 2001).

Gleinalm Tunnel, 8 km long, near Graz, Austria, 2001

A fire resulted from the head-on collision of two cars near the middle of the Gleinalm Tunnel on
Tuesday 7 August 2001. The fire was successfully extinguished by fire-fighters shortly after their
arrival. Five people died and four were injured (Strhhaussl, 2001).
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Howard Street Tunnel, Baltimore, OH, USA, 2001

At 3.10 p.m. on Wednesday 18 July 2001, a freight train passing through a tunnel in downtown
Baltimore had an ‘emergency brake application’. Following standard procedure, the drivers
detached the locomotives from the train, and removed them from the tunnel. Of the 60 cars
that made up the train, eight were carrying hazardous materials, including hydrochloric acid,
chemicals used to make adhesives and various solvents. By mid-morning the following day the
fire was mostly extinguished, except for a few hot spots. All the wreckage was removed within
4 days. The fire resulted in gridlock on the roads in Baltimore, as all the major routes were
closed to traffic for about 12 hours. Two baseball games at the nearby Camden Yards had to
be rescheduled (Lamb and Resnikoff, 2001).

Kitzsteinhorn funicular tunnel, 3.3 km long, near Kaprun, Austria, 2000

At about 9 a.m. on Saturday 11 November 2000, a fire broke out at the rear of the ascending train
shortly after leaving the lower terminal. The train stopped automatically 600 m inside the tunnel.
The doors of the train failed to open. Twelve passengers escaped by smashing the windows and
fleeing down the tunnel. The remaining 150 people on the train died on the train or during
their attempt to flee up the smoke-filled tunnel. The smoke also killed two people on the
descending train, some 1.5 km further up the tunnel, and three people in the arrival hall of the
upper terminal, 2.7 km away. The fire on the supposedly fire-proof train is thought to have
been started by hydraulic oil leaking into the heater in the rear driver’s cab, and to have spread
via the clothes and baggage of the passengers on the train. The ventilation velocity in the
tunnel at the time of the incident was approximately 10 m/s (Schupfer, 2001).

Rotsethhorn Tunnel, 1.2 km long, Norway, 2000
On 29 July 2000, a collision and subsequent fire led to the deaths of two people (Nilsen et al.,
2001).

Seljestad Tunnel, 1.3 km long, Norway, 2000

Just before 9 p.m. on 14 July 2000, a truck collided with the rear of a line of stationary vehicles in
the tunnel, causing an eight-vehicle pile-up. Immediately after the collision, one of the vehicles
caught fire, and within minutes the fire spread to involve all the vehicles. The fire quickly
destroyed the communications cables in the tunnel. An ambulance arrived within 15 minutes
and fire-fighters within half an hour. Twenty people were admitted to hospital, but none had
major injuries. Despite the fact that four people were trapped in the smoke for over an hour,
there were no fatalities. Due to the prevailing wind, there was breathable air in the tunnel and
fire-fighters were able to approach the scene of the fire easily. It has been estimated that, if the
wind had not been as strong, there would have been at least four fatalities due to smoke inhalation
(Madsen, 2001; Nilsen et al., 2001).

1.5.2  Fires during the 1990s

Tauern Tunnel, 6.4 km long, south-east of Salzburg, Austria, 1999

On Saturday 29 May 1999, a HGV collided with a queue of stationary traffic 800 m from the
northern portal of the tunnel. Eight people died as a direct result of the crash. A fire broke out
and quickly engulfed the incident HGV, another HGV loaded with a cargo of spray cans,
including paints, and the four-car pile-up between them. There were four fire-related fatalities:
one HGV driver, who was overcome by fumes in the tunnel; two car passengers, who did not
leave their car; and one HGV driver who had initially fled to safety, but returned to his vehicle
to collect some documents. The fire destroyed 16 HGVs and 24 cars, and took 15 hours to
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extinguish. The transverse ventilation system worked very well during the incident (Pucher and
Pucher, 1999; Eberl, 2001).

Railway tunnel, 9 km long, near Salerno, Italy, 1999

On Sunday 23 May 1999, a train carrying Italian football fans caught fire as a result of the ‘rowdy’
behaviour of the passengers. Four people died and at least nine were injured. It was alleged that
the fire started as a result of one of the passengers lighting a smoke bomb (Danger Ahead, 1999).

Mont Blanc Tunnel, 11.6 km long, France/Italy, 1999

At 10.46 a.m. on Wednesday 24 March 1999, a HGV carrying a refrigerated cargo of margarine
and flour entered the Mont Blanc Tunnel from the French side. At that time, no fire or smoke was
observed, but a few kilometres into the tunnel the HGV began emitting ‘white smoke’. At
10.53 a.m. the HGV stopped, near lay-by 21, some 6.3 km into the tunnel. Immediately the cab
burst into flames, producing ‘black smoke’, which propagated mostly in the direction of the
French portal, and the driver fled towards Italy. One motorcycle, nine cars, 18 HGVs and a
van were in the tunnel behind the HGV that was on fire, and eight HGVs and several cars entered
the tunnel from the Italian side before the tunnel was closed. Nobody who entered the tunnel from
the Italian side was injured. The fire resulted in the death of 39 people (27 of them in their
vehicles), the destruction of 34 vehicles (over 1.2 km of tunnel), severe damage to the tunnel
lining (over 900 m) and a blaze that took 53 hours to extinguish. The fire is thought to have started
because of diesel fuel leaking onto hot surfaces in the HGV’s engine compartment. The uncon-
trolled spread of the toxic smoke (which was responsible for the majority of the deaths) has
been blamed on poor operation of the ventilation system and a lack of communication between
the French and Italian operators (Lacroix, 2001).

Oslofjord Tunnel, Norway, 1999
An explosion during construction of the tunnel started a fire. Two fire-fighters were killed and
several people were injured during the fire-fighting and rescue operations (de Vries, 2002).

Gueizhou Tunnel, 800 m long, between Guiyang and Changsha, China, 1998

On 10 July 1998, gas canisters exploded on a train in south-west China, killing more than 80
people. The tunnel collapsed, and railway workers sent to repair the damage were also killed
by a further explosion caused by a build up of gas (Disaster database, 1999).

Exilles rail tunnel, 2.1 km long, near Susa, Italy, 1997

On 1 July 1997, a train transporting 216 cars on 18 wagons caught fire. The fire began because one
of the car doors swung open and was dragged along the electrical wiring on the tunnel wall. The
fire alarm was raised at 1.30 p.m. Firefighters from Susa arrived 20 minutes later, and were joined
by firefighters from Turin after a further 25 minutes. Due to the gradient, the downhill side of the
tunnel was smoke free, allowing the firefighters to approach the blaze. Fire-fighting was hazar-
dous, due to the high temperatures and explosive spalling of the concrete lining. The fire took
5 hours to bring under control, and was eventually extinguished by 8 p.m. One locomotive, 13
freight wagons and 156 cars were destroyed. Two train crew members escaped by running
uphill out of the tunnel; both were treated for smoke inhalation (Colcerasa, 2001).

Channel Tunnel, 51 km long, France/UK, 1996
On 18 November 1996, a HGV on board a HGV carrier shuttle in the Channel Tunnel caught fire.
Upon entering the tunnel, the estimated fire size was about 1.5 MW, but at its maximum the fire
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size was as much as 350 MW and involved ten HGVs and their carrier wagons. The train was
stopped in the tunnel, and it took about half an hour to get the emergency ventilation system
working properly. All the HGV drivers and the train crew were evacuated safely into the service
tunnel, with no fatalities, and only two escapees required significant hospital attention. Following
the evacuation of all the people, the ventilation system maintained an airflow of 2.5m/s in the
tunnel, which may have helped fan the fire and explain why it grew to such a size. The main
fire was extinguished by firefighters working in relays for some 7 hours after the fire was first
detected. Minor smouldering fires were still in evidence 24 hours later (Allison, 1997).

Isola delle Femmine motorway tunnel, 148 m long, near Palermo, Italy, 1996

On 18 March 1996, a 16-vehicle pile-up occurred in the two-lane eastbound tube of the Isola delle
Femmine motorway tunnel. A tanker carrying liquid petroleum gas safely performed an emer-
gency stop in the tunnel without joining the pile-up. However, a tourist coach following the
tanker, and four other vehicles crashed into the back of the tanker. The upper part of the tank
ruptured, and a small explosion followed within seconds. This led to only minor injuries and
started a fire at the front of the tourist coach. All but five passengers evacuated the bus through
a smashed window at the rear. Four of the five remaining passengers were later found dead on the
bus, and another was found dead on the roadway. After about 67 minutes, by which time all
survivors had evacuated the tunnel, there was a massive explosion. Thick smoke and violent
flames were observed at both ends of the tunnel and at cross-passages into the other tunnel
tube. Eye witnesses outside the tunnel reported experiencing a ‘shock wave’ from the blast. The
second explosion is believed to have been a boiling liquid, expanding vapour explosion
(BLEVE), which occurred inside the body of the tanker; of which only four large pieces remained
after the incident. A total of 34 people were treated for burns, and of these 16 were admitted to
hospital. All those hospitalised were kept in for over 10 days, and five were hospitalised for
over a month (Ciambelli ez al., 1997; Masellis et al., 1997; PIARC, 1999; Amunsen, 2000).

Baku underground railway/metro, Azerbaijan, 1995

On 28 October 1995, an electrical fault led to a fire breaking out at the rear of the fourth car of a
packed five-car underground railway/metro train during rush hour. The train stopped 200 m after
departing Uldus station. Initially, the ventilation conditions in the tunnel tended to move the
smoke gently towards the rear of the train. There were problems getting the doors open for the
passengers to escape. Windows were smashed and some passengers began to evacuate the train
in both directions. Soon the fire grew such that it was impossible to pass — passengers in the
front three cars would have to evacuate towards Narimanov station, 2 km away. Fifteen minutes
after the train stopped, the ventilation conditions in the tunnel changed, drawing all the smoke
towards Narimanov and the front three cars. The entire tunnel was filled with smoke in this direc-
tion. In total, 220 passengers were killed in the front three cars, 40 being killed by the fumes in the
tunnel in the direction of Narimanov station. In addition, 256 people were admitted to hospital
following the incident, 100 of whom were still in hospital 5 days later. The tunnel reopened
within 24 hours (Wahlstrom, 1996; Hedefalk ez al., 1998).

Pfander Tunnel, 6.7 km long, Austria, 1995

On 10 April 1995, a car driver fell asleep while driving through the Pfinder Tunnel, and his car
strayed into the path of an oncoming truck. After colliding with the car, the truck skidded
along the wall on the wrong side of the road, finally colliding with a minibus. Three people
on the minibus died as a result of the crash. Although emergency ventilation was activated
almost immediately, it was not sufficient to control the smoke, which filled the tunnel and
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hindered the fire-fighting operation. However, no one died as a result of the fire. The fire was
extinguished after an hour, by which time it had caused serious damage to the tunnel lining
(Pucher, 1996).

Huguenot Tunnel, 4 km long, near Paarl, South Africa, 1994

On Sunday 27 February 1994, a fire broke out in the gearbox of a bus carrying 45 passengers.
After a failed attempt by the co-driver to smother the fire, several passengers jumped from the
moving vehicle. The driver then lost control of the vehicle, which veered across the oncoming
traffic, hitting the tunnel wall. An approaching articulated truck jack-knifed, blocking the
tunnel, in an attempt to make an emergency stop. At this stage the fire was relatively small and
could have been extinguished by using any of the nearby fire extinguishers. However, this was
not done and the fire grew, filling the tunnel with smoke and killing the bus driver. The fire
destroyed the bus and many of the tunnel installations nearby, but it did not spread to any
other vehicles. Firefighters arrived at the scene within 12 minutes of the first alarm, which was
raised by one of the bus passengers. The fire took slightly over an hour to extinguish. The
tunnel reopened, following temporary repairs, 4 days later (Gray and Varkevisser, 1995).

Serra a Ripoli Tunnel, 442 m long, Italy, 1993

An out-of-control vehicle crashed, starting a fire that ultimately involved five HGVs, one loaded
with rolls of paper, and 11 cars. There were four fatalities and four reported injuries. The fire
lasted for 2.5 hours (PIARC, 1999; Amunsen, 2000).

Unnamed tunnel, South China, 1991

In August 1991, a fire broke out on board a train passing through a tunnel. The fire engulfed one
of the train cars. Fifteen passengers panicked, and jumped from the train into the path of an
oncoming locomotive.

Moscow underground railway/metro, Russia, 1991
On 1 June 1991, an electrical fire under a train in a station resulted in seven fatalities and at least
ten people were injured (Atkins, 1996).

New York underground railway/metro, USA, 1990

On 28 December 1990, a cable fire in a tunnel near a station produced dense smoke. A passenger
pulled the emergency cord, halting a train near the fire. The fire brigade arrived quickly, but
evacuated the wrong train first. Two people died, and 200 were injured (Atkins, 1996).

Mont Blanc Tunnel, 11.6 km long, France/ltaly, 1990

On 11 January 1990, a HGV that was on fire stopped nearly 6 km into the tunnel. The driver had
first noticed the smoke about 1.5 km into the tunnel, but did not stop until flames entered his cab.
He alerted the tunnel operators by telephone, and French firefighters arrived within 10 minutes.
Despite the fact that the fire had spread to involve the entire vehicle by this point, the firefighters
were able to control the blaze and extinguish it. Two people were treated for smoke inhalation
(Ministere de ’Equipement, des Transports et du Logement, 1999; Amunsen, 2000).

1.5.3  Fires during the 1980s

Brenner Tunnel, Austria, 1989

On 18 May 1989, dangerous goods used during construction works exploded in the Brenner
Tunnel, resulting in a fire that lasted 7 hours. In total, 155 firefighters and 21 fire-fighting vehicles
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attended the scene. Two people were killed and five were injured (Crez, 1990; Le Sapeur Pompier,
2001).

Kings Cross Station, London, UK, 1987

On 18 November 1987, a fire involving the steps and sides of a wooden escalator, and which
spread into the ticket hall, was responsible for the deaths of 31 people, and many others were
injured. The fire grew and spread very rapidly, probably due to preheating of the escalator
floor by a fire which is thought to have started in the grease and fluff under the escalator track.
The fire behaved in an unexpected manner: the flames and plume from the fire did not rise
from the fire location toward the ceiling of the escalator tube, but rather they tended to hug
the steps and sides of the escalator all the way up and into the ticket hall at the top of the escalator.
This phenomenon has become known as the ‘trench effect’. The fire reached flashover in a matter
of minutes, and burned for 6 hours (Fennel, 1988).

Gumefens Tunnel, 343 m long, Switzerland, 1987

On 18 February 1987, a collision resulted in a fire that ultimately involved two HGVs, one van and
five cars. There were two fatalities and three reported injuries (possibly all as the result of the
crash). The fire burned for 2 hours (Crez, 1990; Le Sapeur Pompier, 2001).

L’Arme Tunnel, 1.1 km long, France, 1986

On 9 September 1986, a collision involving a car started a comparatively small fire, involving
the car and a trailer. The incident resulted in three fatalities and five people were injured. The
duration of the fire and the damage to the tunnel are not recorded (Day, 1999; Amunsen,
2000).

San Benedetto Tunnel, 18.5 km long, Italy, 1984

On 23 December 1984, a bomb attack was responsible for the deaths of 17 people and 120
injured. The resulting fire was surprisingly small. Firefighters and rescue personnel were unable
to reach the scene of the incident for over 2 hours due to the destruction (The World’s Longest
Tunnels Page).

Summit Tunnel, 2.6 km long, UK, 1984

On 20 December 1984, a train consisting of a diesel locomotive and 13 tankers carrying petroleum
spirit derailed approximately a third of the way through the Summit Tunnel. After seeing flames,
the driver and the guard evacuated and called the fire brigade. At 9.30 a.m. (3.5 hours after the
train derailed), one of the tankers exploded, producing flames 120 m high, which extended up
several of the ventilation shafts and into the open air. The fire was contained by introducing
high-expansion foam into one nearby ventilation shaft and water into another. By 10.30 a.m.
the following day no fire was in evidence, but intense heat prevented anyone from reaching the
fire location. A cooling, ventilation and inspection strategy was maintained until 6.30 p.m. on
24 December, by which time the conditions in the tunnel were back to ambient. All train debris
had been removed from the tunnel by the 17 January 1985. The tunnel was shut for several
months (Howarth, 1996).

Pecorile Tunnel, 662 m long, Italy, 1983

A collision involving a fish lorry started a fire that claimed nine lives and injured a further 20
people (Day, 1999; Amunsen, 2000).
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Salang Tunnel, Afghanistan, 1982

On 2 or 3 November 1982, a gas tanker, part of a military convoy, exploded in the Salang
road tunnel. The explosion started a large-scale fire. Reports on the number of fatalities vary
from 176 to several thousand (Trueheart, 1999; White, 2003).

Caldecott Tunnel, 1 km long, Oakland, CA, USA, 1982

On 7 April 1982, a collision occurred when a passenger car, driven by a drunk driver, collided with
the roadside and came to an abrupt halt. The stationary car was struck by a petrol tanker, and
subsequently the tanker was struck by a bus, causing the tanker to turn over, partially rupture
and spill some of its load. The spilt petrol soon ignited, and the blaze grew to involve the
tanker, the car and four other vehicles in the tunnel. Seven people were killed. Although some
of the petrol spilled out of the tanker, it appears that a large quantity of the fuel remained in
the tank. Once the fire had reached a sufficient temperature to melt the aluminium walls of the
tanker, the ‘top’ of the tanker (i.e. the side that was uppermost after the crash) collapsed, creating
a large, deep pool of petrol, which ignited and burned fiercely for over 2 hours until firefighters
were able to extinguish it (Hay, 1984; Amunsen, 2000).

London Underground railway/metro, UK, 1981
On 21 June 1981, a fire between two underground stations resulted in one fatality and 15 people
injured (Le Sapeur Pompier, 2001).

Sakai Tunnel, 459 m long, Japan, 1980
On 15 July 1980, a collision involving a truck resulted in a fire that burned for 3 hours and
ultimately involved ten vehicles, killed five people and injured five others (Amunsen, 2000).

Kajiwara Tunnel, 740 m long, Japan, 1980

On 17 April 1980, a gearbox fire led to a fire that ultimately involved two trucks, one laden with
200 cans of paint, and that burned for 1 hour and 20 minutes, and resulted in one fatality
(Amunsen, 2000).

1.5.4  Fires during the 1970s

Nihonzaka Tunnel, 2 km long, Japan, 1979

On 11 July 1979, an accident involving four trucks and two passenger cars led to a fire in the
westbound tube of the Nihonzaka Tunnel. Ultimately, the fire killed seven people and spread
to involve 189 vehicles. Traffic congestion led to a delay in the arrival of fire-fighters, and their
fire-fighting activities were cut off after only half an hour as the water tanks ran dry. The fire
was not extinguished for 160 hours (Oka, 1996).

San Francisco underground railway/metro (BART), USA, 1979

On 17 January 1979, a short circuit underneath an underground railway/metro car led to a fire.
One person died and 56 were injured. The movements of other underground railway/metro
cars spread the smoke rapidly, and over a thousand people had to be evacuated from the
underground railway/metro (Demoro, 1979).

Velsen Tunnel, 768 m long, Haarlem, The Netherlands, 1978
On 11 August 1978, a collision killed five people and started a fire that ultimately involved two
HGVs and four cars (Amunsen, 2000).
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Moorgate underground railway/metro station, London, UK, 1975
On 28 February 1975, an incident involving a train hitting a wall and the subsequent fire resulted
in 44 fatalities and 73 people injured (Le Sapeur Pompier, 2001).

Mexico City underground railway/metro, Mexico, 1975
Fifty people died and another 30 were injured due to a train collision and the resulting fire (Le
Sapeur Pompier, 2001).

Porte d’Italie underground railway/metro station, Paris, France, 1973

On 27 March 1973, an arson attack on an underground railway/metro carriage in a station led to
two fatalities and several injured, even though the response by fire-fighters was very quick (Atkins,
1996).

Hokoriku Tunnel, near Fukui, Japan, 1972
On 6 November 1972, a fire in the restaurant car of a passenger train ultimately led to 30 fatalities,
690 injured people and the destruction of two carriages (Le Sapeur Pompier, 2001).

Vierzy Tunnel, France, 1972
The Vierzy Tunnel collapsed on a passenger train, starting a fire. There were 108 fatalities, mostly
due to the tunnel collapse (Le Sapeur Pompier, 2001).

Henri Bourassa underground railway/metro station, Montreal, Canada, 1971
On 12 December 1971, an underground railway/metro train collided with the end of a tunnel,
igniting a fire. There was one fatality (Atkins, 1996; Le Sapeur Pompier, 2001).

Crozet Tunnel, France, 1971
On 20 March 1971, a collision between a goods train and a train carrying hydrocarbon fuels
caused a derailment and a fire. There were two fatalities (Le Sapeur Pompier, 2001).

Wranduk Tunnel, 1.5 km long, near Zenica, Yugoslavia, 1971

At 5.48 a.m. on 14 February, a train carrying workers to an iron works in Zenica was passing
through a 1500 m tunnel. It had to stop 300 m from the exit as a fire had started in the engine.
The heat was such that no passengers could pass the engine, and they had to return the 1200 m
to the other end of the tunnel. In total, 33 died and 120 were taken to hospital, where 57 were
admitted.

Sylmar Tunnel, 8 km long, Los Angeles, CA, USA, 1971

On 24 June 1971, during the tunnel construction, a gas explosion killed 17 of an 18-man team
working in the tunnel at the time. The explosion occurred as a result of ‘a complete breakdown
of corporate safety’, and the tunnel project manager, Loren Savage, was sentenced to 20 years
and 6 months in prison, on 16 counts of gross negligence and nine labour code violations
(Zavattero, 1978).

New York City underground railway/metro, USA, 1970

On 1 August 1970, a tunnel fire near Bowling Green station resulted in 50 injured and one fatality.
The woman who died did so because she returned to the train, after evacuation, in an attempt to
recover her purse (AP News Agency, 1995).

18

Copyright © ICE Publishing, all rights reserved.



A history of fire incidents in tunnels

1.5.5 Fires before 1970

London Underground railway/metro, Holland Park, UK, 1958

On 28 July 1958, a fire occurred in an underground railway/metro train. In total, 48 passengers
and three staff were taken to hospital with smoke inhalation. Ten passengers were admitted to
hospital, and one subsequently died (Semmens, 1994).

Holland Tunnel, New York, USA, 1949

On 13 May 1949, a fire started as a result of a HGV shedding its load. The fire burned for 4 hours,
destroying ten HGVs and 13 cars. Sixty-six people were injured (Amunsen, 2000; Le Sapeur
Pompier, 2001).

London Underground railway/metro, UK, 1945
On 31 December 1945, three people died as the result of a collision and fire (Le Sapeur Pompier,
2001).

Torre Tunnel, Spain, 1944

On 3 January 1944, a multi-train collision in a tunnel led to a fire that lasted for at least a day.
There were 91 fatalities as a result of the collision and fire (The World’s Longest Tunnels
Page).

St. Gothard, Giorinco, Switzerland, 1941
A train derailment and the resulting fire led to seven fatalities (Le Sapeur Pompier, 2001).

Gutschtunnel, Lucerne, Switzerland, 1932
Six people died due to a train collision and the fire that started as a result (Le Sapeur Pompier,
2001).

Riekentunnel, Switzerland, 1926
Nine people died from smoke inhalation when a goods train caught fire and stopped in a tunnel
(Le Sapeur Pompier, 2001).

Batignolles Tunnel, 1 km long, Paris, France, 1921

On 21 October 1921, a passenger train was allowed into the Batignolles Tunnel while another
train was stationary inside. The trains collided, resulting in a very large fire. At least 28 people
died, mostly as a result of the fire rather than the crash. The severity of the fire is thought to
have been due to the gaslight system installed in the carriages. These gaslight systems were
removed from all passenger trains in France following this incident (The World’s Longest
Tunnels Page).

Couronnes underground railway/metro station, Paris, France, 1903

On 10 August 1903, an underground railway/metro train caught fire as the result of an electrical
fault. All the passengers were safely evacuated from the train and from another train in the tunnel.
During an attempt to push the first train, still on fire, out of the tunnel, the fire grew dramatically
in size, and smoke billowed into the station. There were at least 84 fatalities (some records claim
more than 100) (Brader, 1995; Trueheart, 1999).

Mendon, France, 1842
A fire on a train in a tunnel led to 150 fatalities (Le Sapeur Pompier, 2001).
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Tunnel fire investigation I: the Channel
Tunnel fire, 18 November 1996
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Fire Safety Group, Building Research Establishment, UK

2.1. Introduction

The investigation of a fire in a tunnel is, in principle, no different from any other fire investigation;
the processes and methodology of a systematic fire investigation can be found in a number of
well-established references (e.g. Cooke and Ide, 1985; De Haan, 1997). However, in practice,
the investigation of a tunnel fire can involve particular and unusual problems.

In this chapter, the investigation of fires in rail tunnels is discussed by reference to the fire in the
Channel Tunnel, which took place in 1996. There have been a few significant fires in rail tunnels,
but this incident achieved worldwide notice. It became a very useful source of information in a
number of areas, including fire investigation; in part because of the scale of the inquiry. Since
1996 there have been two more serious fires involving heavy goods vehicles (HGVs) in the
Channel Tunnel (see Appendix 2A).

2.2. The Channel Tunnel fire

On Monday 18 November 1996, at around 10 p.m., a fire occurred on HGV Shuttle 7539 on the
French side of the Channel Tunnel. There were no fatalities, but passengers and crew were treated
for smoke inhalation. One half of the Tunnel was out of service for about 6 months.

Three inquiries were immediately started: one by the French Judiciary; one by the Channel Tunnel
Safety Authority (CTSA); and by Eurotunnel. The report of the CTSA inquiry (Channel Tunnel
Safety Authority, 1997) has been called upon extensively for background in this chapter.

2.3. The tunnel system

The full details of the Channel Tunnel system are widely available elsewhere (e.g. Channel Tunnel
Safety Authority, 1997) and are only briefly summarised here. Some changes have since been
made to the tunnel and shuttle systems following the recommendations in the CTSA report
(and following the 2008 fire), so the description here relates to the situation at the time of the fire.

2.3.1  The tunnels
The system comprises three individual tunnels linking the terminals at Cheriton, Kent, England,
and Coquelles, Pas de Calais, France.

The two running tunnels handled rail traffic from the closed-loop terminals or from each national
rail network. Running Tunnel North (RTN) normally handled traffic from the UK to France and
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Running Tunnel South (RTS) handled traffic from France to the UK. There were four main
categories of rail traffic

tourist shuttles carrying coaches or cars between terminals
HGYV shuttles carrying lorries and trucks between terminals
passenger trains from the national networks

freight trains from the national networks.

The central service tunnel ran between the two running tunnels. It was linked to these at
approximately 375 m intervals by cross-passages, and carried special ‘road’ vehicles. The service
tunnel had three main roles

B to provide normal ventilation to the running tunnels
B to provide a protected safe haven for passengers and crew in the case of evacuation
m  to provide access for emergency vehicles.

It was also used for maintenance.

2.3.2 The HGV shuttles
Each HGV shuttle usually comprised

® a front locomotive
B an amenity coach (club car)
® a front rake of wagons, consisting of
— a front loader wagon
— about 15 carrier wagons
B aloader wagon in the middle of the train
a rear rake of wagons (consisting of about 15 carrier wagons and a loader wagon at the rear)
® a rear locomotive.

The lorries would drive onto the rear loader wagon of the assigned rake, and then through the carrier
wagons to the one allocated. The drivers, and any passengers, were then taken to the amenity coach
for the journey. On arrival, they returned to their lorries to drive off from the front loader wagon.

The crew of the train comprised a driver, in the front locomotive, a chef de train and a steward,
both in the amenity coach.

2.4. The fire safety system

241 The tunnels

The in-tunnel safety systems were provided for life safety. There was a comprehensive detection
system consisting of 66 detection stations, each of which comprised

m  four flame detectors with ultraviolet and infrared sensors
m a smoke detector with optical and ionisation sensors
® a carbon monoxide sensor.

The detection system notified the Fire Equipment Management Centre and the Rail Control
Centre using a logic system designed to provide redundancy while screening out false alarms.
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There was a supplementary ventilation system (SVS) that was used only in emergencies. This was
intended to blow smoke away from an incident, to assist the escape of passengers and crew, and to
help emergency services.

Within the tunnels was a fire main (connected to hydrants every 125m), a high-level lighting
system and a number of communication systems.

The cross-passages were protected both by heavy fire-resisting doors and by the normal ventila-
tion system, which provided positive pressurisation in the service tunnel and cross-passages.

2.4.2 The HGV shuttle

The four loader wagons were each equipped with two smoke detection units, which signalled to
the chef de train’s station in the amenity coach. The amenity coach was air-conditioned and
constructed of carefully selected materials. There were a number of communication systems
between the chef de train and the driver. Air-inlet dampers fitted to the air-conditioning system
were designed to close on the actuation of the ‘tunnel fire’ alarm by either the driver, in the
locomotive, or the chef de train, in the amenity coach.

2.4.3 The safety procedures
The procedures laid down to deal with a reported fire on a HGV shuttle were three-fold.

1. The train would first attempt to continue to drive on out of the tunnel to a specially
prepared emergency siding.

2. If the train had to stop, the crew would attempt to uncouple the amenity coach and
locomotive from the rest of the train, and then leave the tunnel.

3. If neither of these were possible, the crew and passengers would wait for the operation of
the SVS and then evacuate into the nearest cross-passage, and thence into the service
tunnel for rescue.

2.5. The incident
Very briefly, the incident on 18 November 1996 unfolded as follows:

21.19-21.32 HGYV Shuttle 7539 loads with lorries at the French terminal

21.42 The train leaves the platform

21.48 The train enters RTS at 57 km/h; security guards see a fire just prior to tunnel
entry, and notify the supervisor who notifies the control centre

21.49 Unconfirmed detection in the tunnel

21.50-21.52  Further unconfirmed alarms

21.51 Control notifies the driver of the fire; unconfirmed alarm in the cab; fire on the
rear locomotive; train travelling at 140 km/h

21.52 Train 4899 (single locomotive) enters RTS; encounters smoke

21.53 Confirmed alarm at the chef de train’s workstation; fire on the rear locomotive

21.53 Confirmed alarm from in-tunnel detectors; control issues a general message to
slow all trains and shut the pressure-relief-duct dampers

21.55 Train 4899 stops; an empty HGV shuttle in RTN encounters smoke around the
cross-over

21.56 The French first line of response (FLOR) leaves the emergency centre

21.57 Control shuts the UK cross-over doors
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21.57 The chef de train receives a fault warning; the driver receives a stop warning

21.58 The train stops at cross-passage 4131; thick smoke engulfs the locomotive;
power is lost from the catenary

21.59 The driver tries to leave the cab, but is prevented by smoke

22.01 The chef de train opens the rear door of the amenity coach; smoke comes into
the coach and the door is closed immediately

22.02 The French FLOR enters the tunnel

22.02 Problems with communications

22.03 The UK FLOR enters the tunnel

22.04 Control closes the French cross-over doors

22.11 The driver of 4899 evacuates; the SVS is activated in RTS, but the blades are
incorrectly set

22.15 Train 6518 stops in RTN to serve as the evacuation train

22.20 The SVS is correctly set; cross-passage doors 4101 and 4131 are opened
remotely; the chef de train evacuates the passengers

22.28 The French FLOR helps passengers

22.29 The driver is rescued

22.30 The UK FLOR arrives

22.42 The driver and some passengers board the evacuation train; smoke enters from
RTN

22.53 The UK FLOR enters the tunnel to fight the fire

23.24 The evacuation train arrives at the French terminal

23.39 Casualties are taken out by service tunnel ambulances

05.00 Most of the fire is out

2.6. The investigation

Within a week of the incident, the CTSA (see Appendix 2B) appointed two of its members
(M. Pierre Desfray, Ingénieur Divisionnaire des Travaux Publics de I’Etat in the French Ministry
of Transport, and Mr Jeremy Beech, the Chief Fire Officer of Kent) to lead a team to carry out an
investigation. They assembled a team that included technical specialists from both countries, and
were assisted by the French and UK emergency services and by Eurotunnel and its staff.

The cause of the fire was of great concern, and, as the incident could have been the result of a
criminal act (i.e. arson), the French authorities instigated a judicial inquiry. It was therefore
agreed that the CTSA inquiry would consider only the events that occurred after the incident
train had left the platform at the French terminal, and thus be concerned with assessing the
performance of the fire safety systems and learning lessons for the future.

The CTSA investigation comprised a number of parallel and interrelated activities. These
included

B an analysis of the sequence of events up to, during and after the incident, including people
on duty and train movements

B a review of the state of the fixed equipment prior to the fire

#  determining the composition of the incident train

#  determining the composition of the evacuation train

m  a review of the performance of the detection system and fixed equipment during the fire
B a review of the communications procedures during the incident
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a review of the fire-fighting and rescue operations

a review of the performance of the rolling stock during the fire
interviews with victims, staff and firefighters

an analysis of smoke movement during the incident

an examination of the damage to the tunnel and the rolling stock
an estimation of the development and growth of the fire.

2.7. Method

Many of these studies involved the examination of paper or computer records and log-sheets, and
interviews with staff, passengers and other witnesses. Regarding the on-site investigation; the first
rule of forensic-scene examination is not to disturb the evidence. However, the nature of this
particular incident, being confined within the tunnel and some way from normal facilities, had
led to an early decision to clear the site. Within 24 hours of the incident, the front locomotive,
the amenity coach, the front rake and most of the rear rake had been driven out from the UK
portal, round the terminal loop, and back to France. The severe damage to the tunnel lining
was deemed to be dangerous, and so loose material was removed. Figure 2.1 shows the fire
damage to the tunnel around one of the piston relief ducts. The undamaged rolling stock (with
the exception of the amenity coach) was quickly cleaned and put back ready for service, and
undamaged HGVs were returned to their owners.

The badly damaged rolling stock and HGVs were removed from the tunnel as quickly as possible
and taken to the French terminal. Figure 2.2 shows one of the fire-damaged carrier wagons still in
the tunnel. Many of these vehicles, and in particular the vehicles that were considered to be those
where the fire might have started, and the amenity coach, were embargoed by the French police.
Some of these vehicles were initially put under cover, but all were later left out on a siding.

Figure 2.1 Fire damage to the tunnel around a piston relief duct. (Photograph courtesy of the author)

29

Copyright © ICE Publishing, all rights reserved.



Tunnel fire investigation |

Figure 2.2 A fire-damaged carrier wagon in the tunnel. (Photograph courtesy of the author)

This activity resulted in a very unusual fire investigation. The site to be investigated was spread
out over about 15 km, from the damaged part of the tunnel to the location of the affected rolling
stock and HGVs. The shuttle wagons, amenity coach, rear locomotive and rear loader wagon
were spread out over at least 1 km at the French terminal, and not in their correct order.

The separation of the wagons from the tunnel made an assessment of fire severity quite difficult,
and the separation and distribution of the vehicles made an assessment of the fire spread quite
difficult. In addition, it is usually the case in fire investigations that much can be learned from
the less damaged parts, and in this case much of these had been removed.

The delays in gaining access to the tunnel, and then to the wagons, meant that much valuable
evidence was lost, in particular from the chemistry of the soot deposits. The vehicles in the
open began to ‘age’ and to become weathered. In addition to the effects of the weather on the
evidence, the bad winter conditions (wind, wet and cold) also created difficulties, and some
dangers, with regard to carrying out the on-site investigation.

Naturally, some minor difficulties arose from the bilingual nature of the project.

As it had been agreed that the CTSA investigation would not concern itself with the cause of the
fire, a number of vehicles could be examined only from outside, but this only marginally limited
the work. The rest of the investigation was largely conventional, with the available evidence being
assessed for forensic indicators (items that allow a representation of the fire scene to be
developed), and included, in particular, the examination of metallic components that provide a
ready indication of exposure temperatures. These included aluminium fixtures (such as makers’
plates), copper wire, and the stainless steel of the shuttle wagons.

Despite the limitations and difficulties, a wealth of data was gathered from the on-site
investigation.
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2.8. Findings from the incident

As the CTSA inquiry developed, so the findings from the on-site investigation were integrated
continuously with the information that was being derived from the other aspects. This meant,
for example, that the reports from the victims of the conditions in the amenity coach could be
compared with the actual soot deposits found.

The observations of the damage to the wagons and HGVs were also brought together, and this
enabled a fairly consistent estimate to be made of the severity of the fire during the various
stages of the incident. These stages were characterised as follows.

B [mmediate development after ignition. The fire probably started on wagon 7 or 8 of the rear
rake.

m  Early development prior to tunnel entry. The fire had grown to around 1-1.5 MW when it
was seen by the security guards.

B [n-tunnel development prior to confirmed alarm. If the fire was below detector thresholds,
then it was probably no bigger than 4 MW.

u  From confirmed detection to the train stopping. The fire grew, but without damaging the
tunnel. It was probably around 10 MW by the time the train stopped, and was producing
large quantities of smoke.

B Growth on the stationary train. When the train stopped the smoke moved forward,
engulfing the amenity coach. The fire would have grown to cause some fire damage to
wagons forward of wagon 7. It would have been limited by the air supply, but may have
grown as large as 50 MW.

®  Growth after actuation of the SVS. After the SVS eventually took effect, the available air
increased, and most of the ‘fuel’ downstream of wagon 7 was consumed. During this stage
the fire could have been as large as 350 MW for a short while.

As well as filling the tunnel in its wake, the smoke from the fire spread across the open cross-
over and through open pressure-relief ducts to affect the RTN and cause problems during the
evacuation. Once the train stopped, the smoke spread forward and engulfed the amenity coach.
This smoke entered the coach through the opened door and through other leakage paths.
Conditions became untenable, and evacuation into the cross-passage was essential. The SVS
should have been holding back the heat and smoke by this stage, but its late operation made it
ineffective.

The apparently anomalous performance of the detection system, in particular that on the loader
wagons, had to be examined.

2.9. Issues, problems and lessons for fire investigation

As has been discussed above, there were unusual issues, problems and lessons associated with
the fire investigation with this incident, and these fall into three main areas: procedural
(relating to the top-level conduct of the investigation), operational (relating to the logistical
and practical issues of getting to the investigation site) and technical (relating to the scientific
investigation). There was naturally some overlap between these areas.

2.9.1 Procedural
Although the tunnel was a fully bi-national project, the fire had occurred on the French side of
the ‘border’ (the halfway mark at midpoint in the tunnel). Therefore, the French delegation of
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the CTSA took the lead in the CTSA inquiry. Of immediate importance, however, was the fact
that a crime was suspected, and the incident fell within French jurisdiction. The French police
took charge of the incident and impounded all vehicles (rail and road) that they considered
relevant to their inquires. This initially significantly inhibited the CTSA investigation, and top-
level discussions between the French delegation and the judiciary became necessary to agree
working arrangements and terms of reference. However, there was no exchange of information
between the two bodies, and this did have a number of other implications (see below).

The CTSA inquiry was multi-agency, involving the French delegation of CTSA, the UK
delegation of CTSA, Kent Fire Brigade, Kent Police (who were assisting the civil inquiry), the
Health and Safety Executive, the Health and Safety Laboratory, FRS (the fire division of the
Building Research Establishment; now Fire Safety Group, BRE) and other specialists.
However, many of the individuals from these various bodies had worked together previously,
either on the Channel Tunnel project, or elsewhere. Consequently, there was very good team-
work across the enquiry. In addition, the investigation required the cooperation of Eurotunnel,
and their associated organisations, such as WS Atkins. This worked well, and there was a very
good working relationship with both Eurotunnel and Atkins. In order to simplify the relation-
ship with Eurotunnel, the CTSA investigation team was appointed as notified inspectors under
the Channel Tunnel Treaty, as this assigned formal powers of access and inspection.

2.9.2 Operational

The fire in the Channel Tunnel was a big fire which had a major impact on a large transportation
system with a very high profile. The commercial losses as a result of the closure of the tunnel took
effect at once. Consequently, there were immediate efforts to seek to reopen the tunnel as quickly
as possible.

Access to the incident site was an issue; the fire was on 18 November 1996, but the first systematic
site investigation in the tunnel did not occur until 22 November. Access to shuttles and HGVs was
not possible until 31 January 1997, and the last shuttle (where the fire originated) was examined on
10 June 1998. Given the degree of media interest, the Eurotunnel site had high security, which
slowed access; and, as mentioned, there were minor language difficulties, mostly relating to
technical terminology.

2.9.3 Technical

The limitations of access to and the tidying and disposal work going on in the tunnel naturally
confused the investigation, as, for example, soot deposits were being cleaned. A similar limitation
resulted from the disposal of undamaged or lightly damaged vehicles (shuttles and HGVs).

The investigation in the tunnel was difficult due to dust, surface conditions (spalled concrete)
and the dark, so that artificial lighting was needed throughout. At the Coquelles site, the
investigation had to contend with wind, rain and the cold (but these are typical problems with
any investigation). However, the exposure and the time delays resulted in some ‘ageing’ of soot
samples, etc.

The scale and the disordering of the scene was significant in that it was difficult to relate the fire-
and smoke-damage patterns to the component elements (shuttle wagons, HGVs and tunnel).
Despite these limitations, however, the structural, fire and smoke damage was still visible on
the available components.
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The investigation generated a large amount of information, and it became necessary to be
selective. The investigation identified a lack of appropriate knowledge about the physics and
chemistry of wind-blown flames and the effects of the movement of the train on the burning rate.

2.10. Discussion

As well as its naturally high profile, and the degree of media interest, the fire in the Channel
Tunnel in November 1996 was of scientific and technical interest, for a number of reasons. The
components of the tunnel fire safety system, and the system as a whole, had been fully ‘fire
safety engineered’, with every element being the outcome of a carefully considered analysis of
the likely events, and their consequences, and of the potential impact of the various protection
methods. There were no predetermined safety ‘rules’. The final safety system was the result of a
probabilistic risk analysis, in which the probabilities of different events and actions were cascaded
to derive the likely loss of life from any particular event. To support these analyses, there had been
a large amount of experimental work, both on models and at full scale, that included a fire test on
a HGV in a tunnel. The components of the safety system were tested extensively (e.g. in furnaces).
All this work was for the protection of life.

The fire in 1996 tested the design of the safety system to its limit, but the fire that developed was
one of the predicted scenarios for which the system had been designed to cope.

There was a substantial programme of other work carried out during and following the
investigation by Eurotunnel, including computational fluid dynamics (CFD) modelling of both
the incident and proposed remedial measures. The recommendations of the CTSA report were
all addressed, mostly in the form of operational and procedural changes, although some technical
developments were implemented.

In addition, and of specific relevance here, there were a number of lessons to be learned (or
reinforced) regarding the conduct of fire investigations in tunnels, in particular bi-national
tunnels. These included

m the need to quickly and formally establish responsibilities of the agencies and individuals
participating

formal and agreed liaison and routes for communications between agencies

inter-agency cooperation

minimal disturbance of the fire scene, and retention of apparently undamaged material
early access to the scene

fully self-contained equipment, including lighting and means of dealing with dust

means of translation and interpretation

site maps and design drawings.

2.11. Conclusions

The incident illustrated an issue that was, and still is, of increasing significance to the whole of the
fire-safety community; that is, however well designed and effective the engineering of a fire-safety
system may be, it will depend, on the day, upon its proper maintenance and operation by the
people charged with that responsibility.

The investigation of the incident has given us some opportunity to learn how to deal with the
investigation of rail tunnel fires in the future.
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Appendix 2A: The Channel Tunnel fires of 2006 and 2008

Two serious fires involving HGVs have occurred in the Channel Tunnel since 1996.

On 21 August 2006, a fire broke out in the load compartment of a lorry on a HGV shuttle
travelling from the UK to France. The shuttle train was brought to a controlled stop 20.5 km
from the UK portal. All persons on board (30 lorry drivers and four Eurotunnel staff’) were
evacuated into the service tunnel. They were then evacuated out via the service tunnel to the
French terminal. No one was injured. The fire was extinguished after about 2.5 hours. The fire
was on the penultimate carrier wagon, close to the rear of the train. It destroyed the lorry and
damaged adjacent ones. The carrier wagon was structurally damaged but could be moved from
the tunnel. The catenary parted and the tunnel lining was damaged to a depth of 30 mm at the
top of the tunnel over a length of 10 m. Normal tunnel operation was resumed on 22 August
2006. The official report is available (Rail Accident Investigation Branch, 2007).

On the afternoon of 11 September 2008, a fire broke out on a HGV shuttle going from the UK to
France. The train stopped 11.5 km from the French portal (39 km from the UK portal). As soon
as it was known that there was a fire on board the train, the train was stopped by a door giving
access to the service tunnel. The 29 passengers and three crew evacuated the train and walked to
the service tunnel. They were later taken from there to the French terminal. Some were suffering
from the effects of smoke inhalation, and some had minor cuts and bruises. The fire spread to
involve other HGVs on the train, and was not finally extinguished until mid-morning on
Friday 12 September. Full service resumed in February 2009, after repairs costing 60 million
Euros. (See BEA-TT and RAIB, 2010.)

(Note: see also Carvel (2010), Chapter 19 and the section on secrecy in Chapter 30.)

Appendix 2B: About the CTSA

The CTSA was established by the French and UK governments in accordance with the provisions
of the Treaty of Canterbury, signed on 12 February 1986. The Intergovernmental Commission
(IGC), also established under the Treaty, oversees all aspects of construction and operation
of the Channel Tunnel. The CTSA advises and assists the IGC on all matters concerning
safety.

At the time of the incident, the CTSA comprised delegations from France and the UK as
follows:
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UK France

Edward Ryder CB (Head of Delegation)  Roger Lejuez (Chef de la Délégation)
Roderick Allison Frangois Barthelemy

Sandra Caldwell Jean-Pascal Cogez

Jeremy Beech CBE QFSM Claude Charmeil

Peter Moss Pierre Desfray

Victor Coleman

These members represented different departments from each government, to cover the different
areas of interest in tunnel safety. The CTSA called upon a range of specialist technical people
to help with its deliberations.

FRS (now Fire Safety Group, BRE) was requested to assist the CTSA in its inquiry, in particular
to assist with the on-site investigation. On the afternoon of Friday 22 November 1996, Martin
Shipp received a request from Jeremy Beech to join a Kent Fire Brigade team that was going
into the tunnel as part of the CTSA investigation of the fire. From that time, Martin Shipp
and, shortly after, his colleague Nigel Smithies were fully involved in the inquiry as members
of the inquiry team.
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3.1. Introduction

This chapter is an abbreviated translation of part of the official report on the investigation into
the fire in the St. Gotthard Tunnel on 24 October 2001. The original report was produced
exclusively for Mr Antonio Perugini, the Prosecutor of the Public Ministry of the canton of
Tessin, Switzerland, who directed the investigation; it is not publicly available. Publication of
this account of the fire investigation has been authorised by Mr Perugini.

The authors would like to thank the Examining magistrate, who not only granted all the
authorisations necessary for the full investigation of the accident and the fire which caused the
catastrophe, but took part himself in many aspects of the investigation, including interviewing
witnesses, laboratory experiments and on-site investigations.

3.2. Incident summary

At9.39 a.m. on 24 October 2001, two heavy goods vehicles (HGVs) were travelling through the St.
Gotthard Tunnel in the Swiss Alps. The tunnel comprises a single roadway with two lanes, bored
on a north—south axis.

A Belgian vehicle, travelling north from Airolo, ran up against the wall on its right-hand side,
careered onto the southbound carriageway, collided with the wall on its left-hand side and
swerved back towards the middle of the road. An Italian HGV, coming south from Gdéschenen,
slowed down and moved into the adjacent lane, the northbound carriageway, in order to try to
avoid collision with the Belgian HGV. The two HGVs collided.

After the collision, the Belgian trailer ended up in the southbound lane, with the cab straddling
the centre line of the road. The Italian trailer ended up blocking both lanes, with its back on
the southbound carriageway, and the front of the trailer and cab on the northbound carriageway.

Shortly after the collision, a fire broke out on one of the HGVs, and it spread rapidly to the other
vehicle. Before long, both trailers were fully involved in the fire. The Italian truck driver raised the
alarm and instructed the traffic entering the tunnel from the south to turn back. This enabled the
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First photograph taken of the disaster; looking north. (Photograph courtesy of Mr C. Grassi.)

fire brigade to reach the incident location rapidly, in less than 7 minutes. The fire scene when the
firefighters arrived is shown in Figure 3.1.

The firefighters (approaching from the south) were not able to get within 15-20 m of the vehicles,
due to the ferocity of the blaze. Fire-fighting was further hampered by an explosion about half an
hour after the fire-fighting began.

To the north of the incident location there was a line of HGVs that had been following the Italian
HGYV southbound and had stopped in the tunnel when the accident occurred. The fire spread to
each of these vehicles in turn.

Moreover, the ventilation in the tunnel was such that the smoke, toxic gases and a considerable
amount of the heat produced by the fire were directed northwards along the tunnel. This
meant that the firefighters from Goschenen in the north were seriously hampered in their
approach.

The fire burned for approximately 24 hours. After the fire was brought under control, the bodies
of 11 people were found among the debris to the north of the incident location.

3.3. Aims of the investigation into the fire and explosion
The main aims of the investigation were

to determine the origin and the cause of the fire which occurred after the collision of the
two HGVs on 24 October 2001, at 9.39 a.m., in the St. Gotthard Tunnel
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B to carry out all the examinations necessary to establish the dynamics of the disaster
according to the nature and quantity of fuels present in the incident zone and the geometry
of the site

B to explain the mechanisms of the explosions that were observed by the fire-fighters during
their fire-fighting activities in the tunnel.

3.4. Summary description of the incident zone

The St. Gotthard Tunnel (16.918 km long), bored from Airolo in the South to Gdschenen in the
North, comprises two lanes. A ‘safety gallery’ runs parallel to the main tunnel on the east side.
Refuges are spaced every 250 m along the length of the tunnel, and these connect the tunnel to
the safety gallery.

Figure 3.2 shows a view of the tunnel, and indicates the extent of the fire, the zone subjected to
high heat and the extent of the smoke damage.

Figure 3.2 Topographic chart of the St. Gotthard Tunnel, showing fire, heat and smoke damage
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During the investigation, each vehicle involved in the fire or affected by heat or smoke was
allocated a number.

1. The Belgian HGV (carrying a mixed cargo, mainly clothes and textiles), initially travelling
north, which was partially burned out after the fire, located on the western carriageway.
2. The Ttalian HGV (carrying a cargo of vehicle tyres), initially travelling south, which

was totally burned out after the fire, located across both carriageways.

3-7.  Five HGVs, initially travelling south, some partially, some completely, burned out, all
located on the western carriageway.

8-13. Six light vehicles which were behind the HGVs; these were not burned, but did suffer
damage through exposure to heat.

14. A truck, covered in soot, not damaged by heat.

15-18. Light vehicles, covered in soot, not damaged by heat.

19-22. Four HGVs, covered in soot, not damaged by heat.

23. A light vehicle, covered in soot, not damaged by heat.

A body was found on the eastern carriageway just behind the last of these vehicles.

The collision between the two HGVs occurred approximately 1.2 km from the southern portal.
This is where the fire started, within a minute of the accident. Flaming began in the lower part
of one of the HGV tractors, and quickly spread to involve all of both vehicles. Before long the
flames reached the concrete ceiling of the tunnel, which separated the vehicle space from
the two ventilation ducts above. The eastern duct supplied fresh air to the tunnel by means of
openings, just above the roadway, at 8§ m intervals along the length of the tunnel. The western
duct was connected to the vehicle space by openings every 8 m, through which the polluted air
of the tunnel was extracted (although in the section of tunnel in which the fire occurred, the
exhaust openings were 16 m apart). The peak supply/extraction rates of the ventilation system,
before the fire started, were about 130m?’/s. The configuration of the tunnel ventilation is
shown in Figure 3.3. (In fact, the ventilation system of the tunnel at that time was complex. It
could be longitudinal, i.e. with supply and exhaust systems switched off; semi-transverse, i.e.
with only air supply or only exhaust operating; or fully transverse, i.e. with both supply and
exhaust operating.) In ‘fire mode’ the ventilation system was set to fully transverse, having
been in longitudinal mode before the fire.

Fresh air was drawn into the air ducts at the portals at both ends of the tunnel, and this air was
supplied to the vehicle space through the vents on the eastern side of the tunnel, while the polluted
air was extracted at ceiling height on the western side. Although the two HGVs on fire blocked the
centre of the tunnel, the flames were pushed to the western side of the tunnel by the ventilation.
This was evident from the damage to the upper parts of the tunnel lining (Figure 3.4).

Above the Italian vehicle, on the eastern carriageway, the ceiling was still intact in places, but had
partially collapsed and was supported by the concrete walls of the tunnel lining. Above the
Belgian truck, on the western carriageway, the ceiling had come away from its side anchoring
and collapsed onto the HGV, but was supported in the centre of the tunnel by the concrete
wall that separated the air ducts (Figure 3.5).

The fire plume, containing a significant proportion of unburnt gases as well as soot and flame, was
forced in the direction of the northern portal. This was evident from the distribution of soot and
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Figure 3.3 Cross-sectional view of the St. Gotthard Tunnel, looking north
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Figure 3.4 Photographs of trucks 1
courtesy of Mr C. Grassi.)
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Figure 3.5 Photograph of the tunnel ceiling above HGVs 1 and 2

other combustion products in the tunnel. This displacement of the flames, as well as the intense
heat release of the blazing inferno, drove the fire northwards, in the upper layer of the tunnel,
successively igniting several HGVs behind the Italian HGV on the western carriageway. Seven
HGVs were destroyed, the two involved in the initial crash and the five behind the Italian
truck (vehicles 3 to 7) (Figure 3.6).

The fire-fighting operations concentrated on the following vehicles.

®m  From the south the firefighters from Airolo, in the interior of the tunnel, attacked the fire
involving the two collided HGVs.

B From the north, the firefighters from Goschenen, in the interior of the tunnel, tried to
extinguish all vehicle fires within reach of their hoses.

B Another group of firefighters attacked the fire from the refuge beside HGV 7; by their
efforts, the fire involving the tractor of HGV 7 was extinguished. The fire did not spread
northwards of this point.

u At the refuge near vehicles 3 and 4, another group of firefighters was able to set up hoses
on vehicles 3 and 4 and another in the direction of vehicle 2. The firefighters had to retreat
into the safety gallery due to the collapsing ceiling.

Other vehicles, both light and heavy, had been travelling southwards following the HGVs. Several
vehicles had been abandoned on the western carriageway, and others had been abandoned
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Figure 3.6 Photographs of vehicles 3 to 7

following unsuccessful attempts to turn about, presumably due to lack of visibility in the smoke.
All these vehicles were covered with a thick layer of soot. Some plastic elements of the vehicles,
exposed to the thermal radiation and, to a lesser extent, the hot gas flow, had melted. The
damage due to heat diminished with increasing distance from the two collided HGVs.
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The victims of the fire were discovered to the north of the incident location, within a distance of
approximately 1250 m. Some were inside their vehicles, and others were on the roadway. Ten died
as a result of smoke inhalation. The burned remains of the eleventh victim, discovered in the cabin
of HGV 4, did not allow an assumption to be made regarding the cause of death.

3.5. Chronology of the incident

Identifying the chronology of the events that occurred in the early stages of the fire is of great
importance, as it makes it possible to estimate not only the evolution of the initial fire which
involved the two collided HGVs, but also the propagation velocity of the smoke northwards
inside the tunnel. It also allows an estimation to be made of the length of time for which the
concrete ceiling was able to resist the high heat release of the fire.

A precise reconstruction of the chronology of events was, therefore, one of the major stages of the
investigation. This required the interviewing of a number of witnesses (vehicle drivers, firefighters,
maintenance personnel, and tunnel and police control centre operators), an analysis of the alarm
records and a reconstruction of the events at full scale.

09.39  Collision of HGV 1 with the eastern wall of the tunnel. Collision with HGV 2. Both
lanes are blocked.

09.40  Emission of smoke at the accident location. Discharge of a liquid onto the roadway.

09.41 Ignition of the fire at ground level, underneath the HGVs. Automatic fire alarms are
triggered. The fire service in Airolo is alerted automatically. The fire service at
Goschenen is informed of the accident by the staff of the Airolo fire service.

09.42  Fire spreads onto the trailer of HGV 2. All the emergency and maintenance services
in Airolo are alerted.

09.43  The passenger from HGV 4 leaves the tunnel via the safety gallery. The driver returns
to the cabin of HGV 4, where he dies. Monitors in the control room in Airolo show
thick smoke in the location of the accident, but no flames are visible; the back of
HGYV 1 is visible.

09.46  Initial photographs of the fire are taken from the southern side (see Figure 3.1).

09.47  The firefighters from Airolo begin their operations. The first people evacuate the
tunnel to the south, using the safety gallery. North of the accident, several people also
evacuate the tunnel and find refuge in the safety gallery.

09.49 Some small explosions, attributed to the bursting of tyres, are heard. At the location
of the incident, the door between the safety gallery and the tunnel cannot be opened
because of very high temperatures.

09.51 Road police begin evacuation of vehicles on the southern side of the incident. HGVs
are reversed to the portal.

09.52  The Gdschenen fire service arrives at a place approximately 2.5 km north of the
accident. A wall of smoke is heading northwards.

09.59  The driver of HGV 21 makes a phone call. He loses consciousness and dies in the
cabin.

10.17  The ceiling collapses above HGV 1.

10.28  The ceiling partially collapses on HGV 3.

10.58  The heat in the vicinity of HGVs 1 and 2 means that it is impossible to enter the
tunnel from the safety gallery at this location.

11.02  The fire involving HGV 1 is extinguished.

11.03  The ceiling collapses above HGVs 4 to 6.
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12.55 Start of fire-fighting procedures at HGV 7.
14.00  (time very approximate) The fires involving HGVs 3 to 7 are extinguished.

3.6. Discussion of the chronology

The chronology was structured according to testimonies collected from professional people
(magistrates and police officers) accustomed to providing this kind of information. It is also
based on the computerised record of the events, as recorded by the motorway monitoring stations
at Airolo and Goschenen. Consequently, the collected elements represent a very high degree of
reliability and relevance, as all the information was carefully checked and cross-referenced. The
evidence provided significant clues that made it possible to investigate the fire itself.

m  Following the collision between HGVs 1 and 2, a liquid flowed onto the roadway.

® In the first minute after the accident, thick smoke was produced. Shortly after this, flames
were visible on the ground

®m  Three minutes after the incident, the fire spread to the whole of both vehicles; the flames
reached the ceiling of the tunnel.

®  Within 15 minutes after the collision, the smoke and combustion products had travelled
2.5 km in the direction of the northern portal.

m  The smoke was extremely thick and flowed as fast as an avalanche.

®m  The concrete members of the ceiling resisted the direct influence of the flames for
approximately half an hour before breaking down.

B A strong explosion occurred approximately half an hour after the beginning of the
firefighters’ intervention, i.e. approximately 37 minutes after the accident.

m  The strength of the explosion took the firefighters by surprise; its strength was sufficient to
shake the fire truck on the Airolo side.

3.7. The origin of the fire

3.7.1  Summary description of the HGVs involved in the accident

The two HGVs involved in the collision that started the fire had the following characteristics.
Vehicle 1 was a heavy articulated vehicle comprising a tractor unit (12816 cc turbo-diesel
engine, 460 horsepower with a 600 litre fuel tank; as the driver died in the accident, there is no
way of knowing how much fuel was in the tank at the time of the crash) and a trailer (closed
body, with two doors at the rear, approximately 7500 kg of cargo at the time of the crash). Vehicle
2 was also a heavy articulated vehicle comprising a tractor unit (13 798 cc turbo-diesel engine,
470 horsepower with a 600 litre fuel tank and a 300 litre reserve fuel tank; at the time of the
crash the reserve tank contained 200-300 litres of diesel and the main tank was virtually
empty) and a trailer (open body covered with a tarpaulin, approximately 15200 kg of cargo).

The trailer of HGV 1 contained approximately 7.5 tonne of various goods, mainly clothes,
clothing accessories, textiles and 2230 kg of photographic film. Several hundred kilograms of
the latter goods, packed in cardboard and laid out on the floor of the trailer, were discovered
intact after the incident. The packing of the materials served to prevent any contact with
oxygen in the air. Consequently, only the cardboard exteriors and plastic wrappings were partially
burnt; the plastic wrappings had melted and protected the remainder of the goods (Figure 3.7).

The trailer of HGV 2 contained 1099 car tyres, 15.2 tonne in total. This cargo was entirely
destroyed; only the metal frame of the trailer remained, covered with a very thick layer of soot,
and the steel wire forming the radial structure of the tyres (Figure 3.8).
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Figure 3.7 Photograph of the trailer of HGV 1

3.7.2  Fire origin

On their entry into the tunnel, the fire investigators discovered a confined space, entirely covered
in a thick layer of soot. There were seven burnt-out HGVs, covered with detached concrete slabs
from the ceiling. No investigation was carried out on the vehicles that were not involved in the fire.
The first task consisted of accurately locating the origin of the fire.

Several elements can aid in the identification of the original location of a fire: the progression of
the fire, traces of combustion, the chronology of the event, and declarations of witnesses and the
firefighters who took part in the operations. In this instance, many material clues were destroyed
because of the severity and duration of the fire. It was necessary to study the evidence of the
photographs taken in the early stages of the disaster.

3.7.2.1 Fire progression

All fires begin at the place where the following three factors were combined: fuel vapour or gas,
oxygen (generally in air), and an initial source of heat. Whatever its speed, whether fire or explo-
sion, the combustion reaction always starts at a precise point — the origin — and progresses while
consuming fresh fuel. After a fire, it is sometimes possible to follow the spread of the flames and to
work back to the original fire seat.

In fact, the examination of the zone of the tunnel reached by the flames and the smoke indicated
that the fire progressed from the south towards the north, i.e. from HGVs 1 and 2 in the direction
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Figure 3.8 Photograph of the trailer of HGV 2

of the other vehicles that had stopped on the western carriageway behind HGV 2. It was clear that
the fire began in the proximity of the two HGVs involved in the road accident.

3.7.2.2 Traces of combustion

It is sometimes possible to locate the origin of a fire that has caused only limited damage. When
the thermal load of fuel and the contribution of air are considered together, the original fire seat
may be localised at the place where there are traces of the most intense burning. It is then assumed
that the most significant burning appeared where the flames were active for longest, this generally
being at the origin of the fire.

In the case of the St. Gotthard Tunnel fire, it was difficult to use the traces of burning to locate the
initial fire seat precisely, due to the extent of the destruction. All the combustible material of
HGYV 2, in the tractor, trailer and cargo, was destroyed. It was impossible to distinguish a surface
or a volume that was more intensely burned than any other. All the combustible materials of
the tractor unit of HGV 1 were destroyed by the fire. However, in the trailer some goods resting
on the bridge as well as the rear double doors were partially saved from the flames. This situation
indicates a spread of the fire from the tractor towards the trailer, assuming that the firefighters
used their hoses in a uniform manner across the whole of the vehicle. This assumption is valid
for the means used (a water cannon and high lance pressure), which made it possible to deluge
simultaneously all the surfaces on fire.
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Figure 3.9 Photograph showing HGVs 1 and 2 during the fire. The burning liquid in the gutter is
indicated. (Photograph courtesy of Mr C. Grassi.)

3.7.2.3 Chronology of the event and declarations of the witnesses

All the witness statements, including the declarations of the driver of HGV 2, locate the origin of
the fire at one of the HGV tractors involved in the collision. The following observations were also
made: immediately after the collision, a large quantity of liquid spilled out onto the roadway; the
fuel tanks of both HGVs were fixed to the back and side of each tractor unit using metal straps; a
few seconds later flames developed on the roadway. A burning liquid can clearly be seen in the
eastern gutter in the first photographs taken after the accident (Figure 3.9).

3.7.2.4 Discussion

By using the three parameters of fire progression, traces of burning and the chronology of
the event, the origin of the fire can be identified. The fire began somewhere in the region of the
tractor of HGV 1, before spreading to the trailer of HGV 2. This is supported by the following
observations. On HGV 1, the traces of burning locate the origin of the disaster close to the tractor
unit. As the two vehicles collided before the fire, it is logical to suppose that the initial source
of heat was generated in the collision zone of the two trucks. If the fire began at the tractor of
HGYV 1, it is logical to assume that the flames were initially transmitted to the nearest part of
the adjacent HGV, its trailer, before reaching the tractor of HGV 2. This assumption is supported
by the extent of the visible fire in the first photographs of the accident.

3.8. Cause of fire
3.8.1 Nature of fuel
Interpretation of several elements of the investigation makes it possible to deduce the nature of
the fuel which, once ignited, was at the origin of the fire. These elements are the testimonies
of the driver of HGV 3, which stopped behind HGV 2, and the first photographs of the accident.

3.8.1.1 Testimony: flowing liquid
Immediately after the collision, the driver of HGV 3 left his vehicle and, as he approached the
scene of the incident, heard the noise of a liquid pouring onto the roadway. On a HGV, there
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are several different types of liquid that could be released following a crash: engine oil in the
lubrication system, hydraulic oil, cooling water or diesel oil fuel. Some HGVs have other
hydraulic systems, for example, to control the movements of the trailer, but neither HGV 1 nor
HGYV 2 had these systems.

3.8.1.2 Testimony: smoke release

Before any flames were observed, the witness describes having seen a smoke-like gas being released
from the incident location. The circumstances of the accident and the nature of the cargoes that
were transported exclude any massive emission of dust. As the fire did not appear to have broken
out by this point, the smoke is assumed not to be the result of an unobserved combustion. It is
deduced that the gas release that was observed by the witness could only have originated from
the vaporisation of a liquid.

Temperature measurements, carried out on two HGVs identical to those involved in the collision
and transporting the same weight of cargo, were taken on the southern slope of the St. Gotthard
Tunnel approach on the 18 and 19 February 2002. The results of these experiments showed that
the hottest surfaces in the engine, the turbocompressor and the exhaust system, reach tempera-
tures of 400-600°C. These temperatures, functions of the work done by the engine, depend
only on the slope of the roadway, as the loadings were kept constant during the tests: 7.5 tons
for HGV 1, and 7-8 tons for HGV 2. These temperature values are higher than the boiling
points of all the liquids mentioned above (oil, water, fuel, hydraulic oil). Therefore, it is logical
to assume that the smoke observed by the driver of HGV 3, soon after the incident, was due to
the vaporisation of a liquid coming into contact with a hot surface in one of the tractors.

3.8.1.3 Testimony: ignition of the fuel

After the vapour emission, the witness observed the appearance of ‘short flames’, which developed
at the level of the roadway. Clearly, the conditions at the roadway were such that ignition was
favourable. As the liquid fuel poured out onto the roadway, some fuel vapour mixed with the
ambient air and ignited. In order for any fuel vapour to ignite and sustain burning, the ratio of
the fuel to the air in the mixture must lie within the limits of flammability, which vary from
fuel to fuel. Furthermore, the vapour pressure determines the concentration of the combustible
vapour above a liquid fuel. This depends on the temperature; the higher the temperature, the
higher the fuel vapour concentration.

These considerations indicate that a liquid poured onto a surface burns in the following way: only
fuel in the gaseous phase (the concentration being a function of the vapour pressure and the
temperature) will burn, and the flame will be above the liquid surface. In the initial phase of a
pool fire, the relatively low temperature of the liquid produces only a limited quantity of vapour
which, when released, enters the range of flammability and burns; this gives a short flame. As the
temperature of the liquid rises (as a result of the heat released by the flames), larger amounts of
vapour are released. This has the effect of “pushing’ the flames up to a few centimetres above the
surface, and the quantity of oxygen close to the surface is then insufficient to maintain combustion.
As the vapour rises, it comes into contact with fresh air and a fuel/air mixture within the flam-
mability limits is established; this mixture burns and, as a result, the height of the flame grows.

3.8.1.4 Photographic evidence: flames on the roadway and in the gutter
On the first photograph, taken approximately 5-6 minutes after the appearance of the ‘short
flames’ described by the driver of HGV 3, the flames covered a significant part of the road surface
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below HGVs 1 and 2. Moreover, they extended in front of HGV 2, and are also visible at the
drains of the gutter on the eastern carriageway.

From this it is clear that a large quantity of liquid fuel flowed onto the ground of the tunnel
and into the gutter. It flowed down the slope of the roadway which, at this location, slopes
from north to south and west to east. By considering this evidence it is possible to deduce the
nature of the poured liquid. Clearly, the material was combustible, and thus could not have
been water from the cooling system of either of the tractors. In addition, the viscosity of the
liquid was too low to allow a significant spread on the ground, and thus the liquid could not
have been engine oil or the gearbox oil, which can therefore be discounted. The volume of the
liquid is highly significant. It is estimated that the various oils were present in the following
quantities: 20-25 litres of engine oil, about 10 litres of gearbox oil, 5-10 litres of hydraulic oil,
and 600 litres of fuel oil for HGV 1 and 900 litres of fuel oil for HGV 2 (these values
correspond to the fuel-tank capacities). Even though the quantities of fuel oil contained in the
tanks of HGVs | and 2 were unknown at the time of the incident, only vehicle fuel oil satisfies
all the conditions described above.

This assertion is confirmed by the investigation carried out on the engines of the two tractors after
they were dismantled. It was observed that the plastic pipes transporting the hydraulic oil had
burned. It is thus impossible to determine whether the rupture of one of the circuits occurred
at the time of the accident or following the heat released by the fire. However, even if the
liquid flowed at the time of the accident, its volume would be too low to cover the road surface
and the parts of the gutter covered by the flames as seen in the photograph. Although exposed
to the heat of the fire, the casings of the gearboxes of both HGVs did not exhibit any cracks or
traces of bursting which would have allowed the oil to escape. These metal engine parts were
not destroyed during the fire.

3.8.1.5 Sampling and analyses

The findings reported in Sections 3.8.1.1. to 3.8.1.4. rely entirely on the testimony of one person
and the examination of the incident scene in the initial phase of the fire. From this it was deduced
that the fuel from only one of the two HGVs could be responsible for the burning as it appears on
the photographs. This conclusion is supported by material evidence from the scene of the accident;
traces of fuel oil were discovered in the roadway material under and in the immediate vicinity of
HGVs 1 and 2.

When a liquid fuel is poured onto a bituminous surface, part of the fuel is adsorbed by the surface.
In the tunnel, the fuel-oil spillage was spread across a large part of the road surface, and some of
this fuel vaporised, mixed with the air and burned. However, the adsorbed fraction underwent
only a limited amount of heating and, importantly, did not come into contact with oxygen
from the air. Because of this lack of exposure to oxygen, the adsorbed fuel did not burn, even
under the extreme conditions of the fire.

Eight samples of the bituminous road surface were collected from the part of the road that had
been subjected to the fuel spillage. Six other samples, of equivalent weight to the previous samples,
were collected at 14, 20, 25, 60, 110 and 210 m from the location of the accident.

All the samples were transported in air-tight containers and were analysed in the laboratories of
the Institut de Police Scientifique et de Criminologie (IPSC) using gas chromatography followed
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by mass spectrometry. Traces of fuel oil were detected in all the samples, but the concentration of
the fuel oil was much higher in the samples collected from the fire zone.

From this it is certain that fuel oil was spread over all the surface in the zone in which the flames
developed in the initial phase of the fire. It is therefore concluded that a spillage of heated fuel oil
was responsible for the ignition of the fire at road level, and that this spillage propagated and
maintained the fire at road level.

3.8.1.6 Discussion

The ambient temperature in the St. Gotthard Tunnel remains approximately constant at 20°C.
The temperature of fuel oil contained in the tanks of HGVs is slightly higher than this at about
25°C, based on temperature measurements made on HGVs on their entry into the tunnel by
the southern portal. This temperature difference is primarily due to fuel return from the fuel
injection system. At 25°C, the vapour pressure of fuel oil is very low (about 2.5 mbar). At
atmospheric pressure, the amount of gaseous fuel in air is about 0.25%. However, the flamm-
ability limits of fuel oil are 0.9-2.2%, which means that the amount of fuel in the air must be
between 0.9% and 2.2% for the mixture to burn. Thus, in the incident described here, the fuel
must have been heated significantly above ambient temperature for sustained burning to be
possible.

This assertion is corroborated by the flashpoint of fuel oil, which is generally given as 80—
110°C in tables of constants. The flashpoint of a fuel is defined as the lowest temperature at
which there is a flammable vapour/air mixture above the surface. In practical terms, this is the
lowest temperature at which the liquid will combust using a small, non-luminous, pilot flame.
The flashpoint of this fuel oil was established as being 83.6°C during experiments, carried out
on 18 litres of fuel oil, at the laboratories of CSI (a certification and testing organisation),
Milan. From this, it is deduced that the fuel oil that leaked from a ruptured tank or pipe
during the incident in the St. Gotthard Tunnel came into contact with a hot surface (the
temperature of which was higher than the boiling point of the fuel, between 175-360°C) before
spilling onto the roadway. In these circumstances, part of the liquid would have vaporised
almost instantly, creating a localised atmosphere where the percentage of fuel in the air was
above the upper flammability limit, so the vapours could not have ignited. As the liquid fuel
spilled onto the roadway, the fuel vapours, which are heavier than air, would have spread out
across the ground, cooled down and become diluted by the air, eventually reaching a concen-
tration within the limits of flammability. Once flammable conditions were achieved, either a
source of energy ignited the mixture of vapour and air, or spontaneous ignition took place.
This flaming would have raised the temperature of the liquid fuel on the roadway, causing
more of the fuel to be vaporised. On mixing with the air, this fuel is likely to have ignited, and
so the flame would have spread across the surface of the spilt fuel.

3.8.2 Origin of fuel

Because of the quantity of the spilled liquid, it is clear that the fuel oil which spread on the
roadway came from at least one fuel tank, which must have ruptured during the collision. Careful
examination of the two vehicles allowed the precise origin of the fuel to be identified.

3.8.2.1 HGV1
In HGV 1, the fuel injector system was to the left of the engine, whereas the turbocompressor, the
exhaust and the fuel tank were on the right. During the examination of the vehicle in the tunnel
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and the engine in a garage, the following observations were made. The copper pipes and the fuel
injection pump were not affected by the shock of the collision or by falling debris. These parts,
installed laterally on the left of the engine, were protected by the engine. The turbocompressor
and part of the exhaust system were torn off during the collision. The traces of damage show
that the mechanical stress was exerted from front to back, i.e. in the direction of the tank and
the pipes that brought the fuel oil to the injection pump. The aluminium tank, fixed by two
metal straps on a support, on the back right of the tractor, was discovered on the roadway.
The bottom of the container was still recognisable, whereas the walls and the upper surface
had melted. The remains showed no indication of bursting due to an explosion; this significant
observation is discussed below.

3.8.2.2 HGV2

In HGV 2, the turbocompressor, the exhaust and the secondary fuel tank were on the left of the
engine, whereas the fuel injection system and the main fuel tank were on the right. During the
examination of the vehicle in the tunnel and the engine in a garage, the following observations
were made. The left part of the engine which, after the collision, was close to the east tunnel
wall, did not exhibit any trace of shock. The turbocompressor and the exhaust system were still
in place. The two fuel tanks were found to be in different conditions: only the bottom of the
main tank was found on the roadway, and the parts of the unit closest to the vehicle chassis
were still held in place by metal straps. Jagged aluminium fragments were discovered under
and near the vehicle, which indicate that this tank exploded. Although it was severely damaged,
the secondary tank, discovered hidden under a mass of several hundred kilograms of soot, did not
appear to have undergone an explosion.

3.8.2.3 Discussion

From an examination of the fuel tanks and the part of the roadway where the collision
occurred, it is possible to deduce the origin of the fuel spillage. The single tank of HGV 1 and
the main tank of HGV 2 were both installed in the lower right part of the tractors, i.e. in the
collision area. Consequently, the fuel oil spread on the roadway most likely originated from
HGYV 1 or the main tank of HGV 2. At the time of the accident, the tank of HGV 1 must have
contained fuel, as there was no other fuel tank on that vehicle. During the intense heat of the
fire, the walls of this tank melted, without any trace of bursting. However, intense heating of
an empty or partially filled closed vessel containing combustible vapour generally causes an
explosion. In this case, the quantity of fuel oil in the tank at the time of the accident is
unknown. However, the testimony of witnesses who followed the HGV on its approach to the
tunnel, state that the HGV did not stop to refuel at the station before the tunnel. From this
testimony it is clear that the tank was not full. Therefore, it was deduced that this tank must
have been opened before being exposed to high heat, otherwise it would have exploded.

According to the testimony of the driver of HGV 2, the main tank was virtually empty at the time
of the collision. Indeed, shortly before entering the north end of the tunnel, the driver had
switched fuel supply from the main tank to the secondary tank. It is clear that the empty tank
(filled with fuel vapour) exploded during the fire; this is consistent with the explanation given
above. The secondary tank, filled with fuel, appears to have survived the rise in the ambient
temperature during the fire, until the seals on the tank failed, which allowed the fuel to escape
onto the roadway without an explosion. It is therefore concluded that, in all probability, it was
the fuel oil from the tank of HGV 1 that initially spilled onto the roadway and which, once ignited,
was the origin of the fire.

52

Copyright © ICE Publishing, all rights reserved.



Tunnel fire investigation II

3.8.3 Source of ignition
On a stationary vehicle, there are two sources of energy that could bring about the ignition of a
mixture of fuel vapour and air: hot surfaces, or sparks produced by an electrical fault.

3.8.3.1 Heating of the mixture of vapour of fuel oil and air

From the experimental measurements carried out on the turbocompressors and exhausts of
HGVs approaching the St. Gotthard Tunnel, it appears that the temperature of these vehicle
parts can reach 600°C. In general, fuel oil will spontaneously combust at temperatures close to
300°C, with some variation depending on the quality of the oil. This means that, if the fuel
vapour was heated up to 300°C, it could have ignited without the need for a ‘pilot’ flame or a
spark. These factors could explain the ignition of the fuel vapours in this instance; the turbo-
compressor and the exhaust system could have behaved as powerful radiators, which vaporised
the fuel oil. This hot gaseous fuel could then have mixed with the air and spontaneously ignited
once the mixture was within the limits of flammability.

3.8.3.2 Ignition by the electric spark

Electrical sparks could have provided a weak source of energy, perhaps a few millijoules, but even
sparks with this low energy would have been sufficient to ignite a mixture of gaseous fuel mixed
with air.

Production of sparks by a short circuit

When two conductors with different electrical potentials come into contact, the short circuit often
produces sparks. In a domestic or industrial situation, this phenomenon can produce significant,
but short-lived, periods of heating. In general, this type of circuit failure is stopped by a circuit
breaker, but if the safety measures fail, the release of sparks and heat can continue.

Power supply of HGV 1

In general, electrical devices on a vehicle are powered by the potential difference between the
positive terminal of the battery and the vehicle chassis, which is connected to the negative terminal
of the battery. In this way, it is possible to feed each electrical device on a vehicle with only a single
wire. Any defect in the insulation of the supply wires can bring the positive potential into contact
with the negatively supplied chassis, causing a short circuit and, possibly, sparks. From the
examination of HGV 1, it was apparent that the main electrical circuitry, connecting the battery
to the relay, was installed on the right-hand side of the engine, within the collision zone. Sig-
nificant traces of electrical fusion were found on these wires, and this is direct evidence of
electrical sparking between the damaged wires and the main chassis of the vehicle or the
engine. This short circuit could only have occurred because of damage to the electrical insulation
sustained during the crash between the two HGVs. Photographic evidence of the sparking is
shown in Figure 3.10. As there was no circuit breaker on the vehicle, and many wires were
damaged in the crash, the effects of the short circuit, i.e. the production of sparks and the produc-
tion of heat, could have continued for several minutes, until the battery was totally discharged.

3.8.3.3 Discussion

There were two possible heat sources on HGV 1 capable of bringing about the ignition of the
gaseous fuel/air mixture: the hot surfaces of the turbocompressor and the exhaust system, or
electrical sparks produced by a short circuit of the wires connecting the battery to the starter
relay. Physically, both of these possibilities are likely: the first, by raising the temperature of
the fuel vapour up to the point of spontaneous combustion; and the second, by producing a
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Figure 3.10 Photographs of the traces of electrical sparking observed in the circuitry of HGV 1

stream of sparks, for several minutes, of sufficient energy to ignite a fuel/air mixture, even at
ambient temperature. However, it is much easier to ignite a flammable gas/air mixture with
sparks than with a hot surface. This is why it was concluded that the fuel spillage was most
probably ignited by sparking from the damaged electrical circuit.

3.8.3.4 Explosions perceived by the firemen

The explosions heard by the fire-fighters were most probably due to the tyres of the vehicles and
the main fuel tank of HGV 2. These explosions were probably of the same type. At ambient
temperature the vehicle tyres would have contained air under pressure, but at the elevated
temperatures during the fire the pressure would have been dramatically increased, and this over-
pressure would have brought about the explosions. In fact, the bursting of the tyres under the
influence of extreme heat was probably due to a combination of the overpressure of the air and
the thermal failure of the rubber envelope of the tyres. In a similar manner, the empty tank of
HGV 2 would have contained fuel vapour at atmospheric pressure, and under extreme heat
this would have created an overpressure that was sufficient to rupture the tank.

3.9. Propagation of the fire across HGV 1 and HGV 2

3.9.1 Ignition of a tyre

As soon as the first flames appeared on the surface of the spilt fuel, they would have reached the
tyres of the tractor units of HGVs 1 and 2. The tyre material, a mixture of rubber, polymers,
carbon and sulphur, was moulded on a metal carcass. When tyres like this are subjected to an
intense thermal stress, they degrade quickly, collapse, pyrolyse and emit flammable vapours as
a result.

Full-scale experiments of HGV tyres subjected to the heat of a burning fuel fire were carried out in
the laboratories of CSI, Milan. In the experiments, the liquid was heated until it reached its flash-
point (84°C), and it ignited shortly thereafter. All times quoted below are relative to this ignition
time. After 90 seconds, the tread of the tyre emitted vapours, which ignited, and the intensity of
the fire grew rapidly after this point. Over the following few minutes the flames reached the height
of the test chamber (2.5 m), and enormous quantities of soot and smoke were produced. After
5 minutes the temperature reached 1200°C at 40 cm above the tyre.
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3.9.1.1 Ignition of the tractors of HGV 1 and HGV 2

The experiments showed that a tyre will burn after only 1.5 minutes of being subjected to the
heat from burning fuel. Therefore, it is logical to assume that the fire was transmitted to the
tractors of HGVs 1 and 2 in the following way. The tyres were in an upright position compared
with the burning fuel surface, and this would have aided the upward spread of the flames to
the engine compartments and into the cabs. As the temperature of the burning fuel increased,
the dimensions of the flames increased. The flames would have spread into the vehicle cabs
through the openings for controls and through the air vents. The high heat release in the
cabs would have caused the windscreens and side windows to burst. At this moment, about
4-5 minutes after the first appearance of flame on the ground, the fire developed both inside
and outside of the tractor units.

3.9.1.2 Ignition of the trailers of HGVs 1 and 2

The trailer of HGV 1 had a rigid body and the cargo it was carrying was loaded compactly on its
floor. These factors would have slowed down the rate of fire spread from the tractor unit to the
trailer in the initial stages of the fire. However, after a few minutes of being subjected to the intense
heat of the tractor fire, it is likely that the wall and the floor at the front part of the trailer would
have been penetrated by the fire, which would then have spread to the cargo.

The configuration of the trailer of HGV 2 was completely different. It did not have a rigid body,
but merely had its cargo of more than a thousand tyres, stacked on their sides, covered by a
tarpaulin. It is supposed that the fire would have spread to this cargo only a few seconds after
the wheels caught fire. The tarpaulin would have burned easily, and the fire would have spread
quickly to the cargo of tyres. A wall of flame would have developed from the floor of the trailer
to the ceiling of the tunnel. This HGV burned out completely.

3.9.1.3 Discussion

The first photographs of the accident (see Figure 3.1) were taken between 5 and 6 minutes after the
appearance of the flames on the roadway. The experiments carried out in Milan showed that a fire
involving a HGYV tyre can be very intense as soon as 3—4 minutes after the ignition of the fuel on
the ground. Although there were a number of differences between the conditions in the tunnel and
those in the laboratory, there was sufficient similarity to explain two of the observations. First, the
speed with which the burning fuel spillage became an extremely violent fire was mainly due to the
ease of ignition of a vehicle tyre by the burning fuel and by the very high fire load of vehicle tyres.
In the Milan experiments, the liquid fuel was all consumed within the first 5 minutes, yet the rate
of heat release of the tyre fire remained high. Second, the mass of particulate products (e.g. soot)
produced by a fire depends on the quantity and the quality of the fuel involved. The speed of
soot production is a function of the reaction speed. In this instance, in the open experimental
conditions, the liquid fuel and tyres produced extensive quantities of soot and smoke.

3.10. Spread of the fire to HGVs 3 to 7

The back part of the trailer of HGV 1 was partially protected from the fire by the fire-fighting
efforts of the firefighters from Airolo. The trailer of HGV 7 was not destroyed by fire because
the firefighters from Gd&schenen succeeded in containing and extinguishing the fire that devastated
the front parts of the vehicle.

Although the flames released by the burning of HGVs 1 and 2 were deflected by the tunnel ceiling
and pulled northwards by the ventilation in the direction of vehicle 3, the distances between the
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vehicles were too large for the fire to reach them directly. However, convection and radiation
processes were responsible for causing the fire to spread successively to HGVs 3 to 7.

Convective heat transfer, the mechanism of heat transfer from a hot fluid to a solid surface,
and radiation, a mechanism of heat transfer between discrete objects, can be used to explain
the spread of fire to the other HGVs. It is assumed that these mechanisms of heat transfer are
responsible for the spread of the fire across the 30 m distance between the back of HGV 2 and
the front of HGV 3. The reasoning used for the fire spread from HGVs 1 and 2 to HGV 3 is
obviously applicable also to the spread from HGVs 1, 2 and 3 to HGV 4, and so on. The
maximum distance between vehicles across which the fire spread was the 48 m from the back of
HGYV 3 to the front of HGV 4.

During the incident, HGV 3 would have undergone heating, both by radiation and convection,
from the fire involving HGVs 1 and 2. It would also have been subjected to a stream of hot efflu-
ents (smoke, soot and firebrands) from the initial fire. The temperature of HGV 3 would have
risen progressively. The front parts of the cab, the front tyres and the upper parts of the front
of the trailer would have experienced the greatest amount of radiated heat, as they were in
direct line-of-sight of the initial fire. These surfaces would have experienced the greatest
amount of heating, and therefore would probably have ignited first. The fire spread on each
HGYV would have been from front to back. This is why the cab of HGV 7 was destroyed but,
due to the intervention of the firefighters, the trailer was left intact. Initially, HGV 4 would
have been shielded from the heat radiated from the initial fire by HGV 3, although it would
still have been exposed to heat convected from the fire. However, once HGV 3 was fully
ablaze, HGV 4 would have experienced direct radiated heat from the fire of HGV 3. The line
of vehicles would have ignited successively, from south to north, in this manner.

3.11. Thermal degradation of the vehicles beyond HGV 7

In the 110 m beyond HGV 7, a number of vehicles were affected by the heat from the fire, even
though none of the vehicles burned. Nine vehicles (numbers 8 to 16) were exposed to the hot
gases, smoke, soot, firebrands and radiated heat that propagated northwards, in the direction
of Goschenen, from the fires involving vehicles 1 to 7. Some of the south-facing parts of the
vehicles show traces of thermal degradation; rubber and plastic parts of vehicles 8 to 16 exhibited
signs of melting. It is certain that this damage was due to the intense radiated heat produced by the
fires involving the HGVs. The extinguishing of the fire on HGV 7 reduced the potential heat
transfer to vehicle 8, and hence reduced the chances of fire spread to vehicle 8 by preventing
the heat from HGV 7 being radiated northwards. Even though HGVs 1 to 6 continued to burn
for several hours, this fire-fighting success was sufficient to prevent further fire spread to the north.

Finally, for approximately 1750 m beyond vehicle 16 there was a zone containing seven vehicles
(numbers 17 to 23), which were all covered in soot but not damaged by the heat of the fire.
However, the driver of HGV 21 was found dead in his cab; he had communicated with his
company by mobile phone before succumbing to the toxic gases in the smoke.

3.12. General discussion

The investigation carried out at the site of the collision of HGVs 1 and 2 and the examination of
the two vehicles led to the identification of the initial fuel of the fire and its source, the identifica-
tion of the heat source that vaporised the fuel, and the source of ignition of the vapours. This
evidence was supplemented by experimental measurements carried out on two HGVs, identical
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to those involved in the crash, on the southern approach to the St. Gotthard Tunnel. These
measurements help explain the speed with which the fire spread to involve both vehicles.

The fuel of the initial fire originated from the fuel tank on the back right of HGV 1. The heat from
the turbocompressor and the exhaust system helped vaporise the fuel. Two possible ignition
sources were present: the hot turbocompressor and exhaust system, and electrical sparks produced
by a short circuit between the battery and the starter motor. Experiments have shown that ignition
by sparks is more likely, and is faster than ignition by the hot surfaces, so this is the more likely
mechanism in the present case. The fuel spilled onto the roadway, spread under the vehicles and
ignited. This led to the fire spreading rapidly to HGV 2.

The mass of burned fuels, in particular the cargo of HGV 2, demonstrates that an enormous quan-
tity of heat was released during the fire of HGVs 1 and 2. The high heat flux that arose from this
fire, as well as the large flames produced by the burning of the cargo of tyres being transported by
HGYV 2, readily explains the ignition of HGV 3, which led in turn to the ignition of HGV 4, and so
on, until the fire reached the tractor of HGV 7. The visible degradation to the vehicles beyond
HGV 7 was due to the northward transport of heat.

3.13. Conclusions

It is the opinion of the authors that, during the collision of the Belgian registered HGV 1, travel-
ling northwards from Airolo, and the Italian registered HGV 2, coming from Gd&schenen, the fuel
of HGV 1 was spread on the roadway and vaporised due to the heat from various hot parts of the
engine. In all probability, this fuel oil was ignited by electrical sparks due to a short circuit caused
by the crash.

Within approximately 1 minute the fire spread, by means of the tyres and the vehicle chassis, to
involve both HGVs. Their combustion, especially that of the cargo of HGV 2, caused an
extremely high heat release which, in spite of the rapid intervention of the firefighters, caused
the fire to spread to HGVs 3 to 7, which had stopped in line to the north of the collision.

The small explosions perceived by the firefighters were due to the bursting of the vehicle tyres as
they became subjected to the high heat released by the fire.

The large explosion, which occurred approximately 30 minutes after the collision, and which
shook the fire truck from Airolo, was due to the rupture of the virtually empty fuel tank of
HGYV 2, which would have been filled with fuel-oil vapour.

Investigations carried out in the tunnel, the detailed examinations of the tractors involved in the
accident and their engines, analysis of various witness statements and photographic evidence, as
well as the results of various experiments (recording the temperatures of various parts of HGVs,
identical to those involved in the accident, after climbing the ascent to the St. Gotthard Tunnel
portal; experimental burning of fuel oil and a tyre) made it possible to specify the origin and
the cause of the fire, and demonstrate the mechanisms of the fire propagation.

Appendix 3A: Important factors relating to the investigation of a fire in
a road tunnel

1. Do not disturb the site

The site of a tunnel fire will always be profoundly affected by the following.
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#  The fire itself. In a confined space the duration of the fire will probably be substantially
longer than a fire in the open because of the limited access for the firefighters.

m  The fire-fighting operations, rescue operations, recovery of the deceased and the analysis of
the debris.

It is thus essential, as soon as the investigation begins, to brief all those working at the scene of the
incident before the investigators arrive about the issue of conservation of evidence.

2. On-site activities

®m  Always wear protective clothing and gas masks, as the site will be severely contaminated.

m  The vehicles at the fire origin are localised. Identify a sensible security zone around these
vehicles, bearing in mind the operations of others in the tunnel (it is unnecessary to
prohibit access to a 1 km stretch of tunnel if 50 m would be sufficient for the investigation).

®  During the investigation, the use of powerful lighting is essential. It should be easily
removable.

®m  Heavy-lifting apparatus will be required to move the debris. Ensure that the debris removal
is directed in consultation with the investigators.

3. Circumstantial and chronological evidence
This evidence should be collected by the investigators as soon as possible after the fire, this infor-
mation is vital to the investigation.

Was the fire preceded by an accident or not?
Was there any dysfunction of the vehicle before the disaster? That is, was there
deceleration, smoke emission, appearance of flames, etc.?

N

. Work on the vehicles

B Locating the source of ignition is always difficult, and sometimes it is physically impossible
due to the deformation, fusion, and sometimes total absence of parts of the engine, the
chassis, the electrical circuits, etc.

®  Analyse potential sources of fuel. For liquids: hydraulic systems, brake systems,
lubrication, fuel, air-conditioning, etc. For solids: electric cabling and insulation, body
parts, plastic panelling, tyres, etc.

®  Analyse potential sources of ignition. For hot engine parts: turbocompressor, exhaust

system, brakes, etc. For sparks: mechanical origin (friction) or electric (alternator, short

circuit due to damaged insulation, etc.).

Itis important to stress that the fire expert is a general practitioner in the problems of physical and
chemical thermodynamics. It will thus be essential to call upon the services of specialists in the
fields of vehicle mechanics.

5. Examination of the vehicles in a laboratory

Corrosion is extremely fast. Immediately after the on-site examination, the bodies of the vehicles
at the centre of the fire should be transported to the laboratory, the engine examined, the chassis
stripped, the electric circuits investigated, etc. From the evidence of traces on the chassis and
engine, damaged areas, fuel lines, electrical damage, etc., it is possible to propose one or several
physically realistic hypotheses regarding the source of ignition.
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Chapter 4
Tunnel fire investigation lli: the Burnley
Tunnel fire, 23 March 2007

Arnold Dix
University of Western Sydney, Australia

4.1. Introduction

On 23 March, 2007, an incident occurred in the Burnley Tunnel, Melbourne, Australia.
The Burnley Tunnel is one of a non-identical pair of tubes, three lanes wide, servicing
Melbourne’s busiest toll road networks. Vehicle numbers typically exceed 100 000 vehicles per
day, per tube.

The Burnley tunnel is 3.4 km long, and at its deepest point is 60 m below ground level. The
gradients within the Burnley Tunnel are very high, exceeding a 6% down-slope after the entrance
portal prior to its deepest point, and exceeding a 5% up-slope for nearly 1 km prior to the exit
portal.

The Burnley Tunnel has three 3.5m lanes, a vertical traffic clearance of 4.9 m and two 0.5m
shoulders, as well as an elevated 0.8 m wide walkway. It carries a mixed fleet, with a significant
proportion of heavy goods vehicles (HGVs). On the morning of the accident, the traffic mix
was 28% HGVs and 72% cars.

Traffic flow in the tunnel is unidirectional. At the time of the collisions there was no prohibition on
lane changes or any restriction on vehicle types in lanes. It is not permitted to carry dangerous
goods through the tunnel.

4.2. Fire-fighting systems
The Burnley Tunnel is divided into 60 m fire-response segments and has a fixed fire-fighting
suppression (FFFS) system. Each segment has

®  two independently operable 30 m zones of deluge fire-fighting technology
m a fire cabinet (Figure 4.1) containing

— a fire hydrant

— a hose

— two dry chemical extinguishers

— a tunnel controller intercom.

Melbourne CityLink uses a deluge system, which comprises a conventional sprinkler system,
which has larger droplet sizes, higher volumes and lower pressure than a water mist system.
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Figure 4.1 (a) Fire cabinets are situated at every 60 m inside the Burnley Tunnel. (b) Tunnel controller
intercom — located at each fire cabinet throughout the Burnley Tunnel

The system is arranged in individually operable zones that are 30 m long and 11.5m wide. It is a
dry system — once remotely operated, quick action valves are commanded to open and an other-
wise dry set of pipes is filled with water.

The deluge discharge rate is around 2850 I/min, per 30 m zone. The tunnels are equipped with
large collection sumps. In the emergency discussed here, these sumps were large enough to contain
all the deluge water.

Importantly, the decision to install a deluge system was coupled with a detailed technical
analysis of the nozzle performance, including critical factors such as droplet-size distribution,
and trajectory modelling of droplet movement over a range of longitudinal ventilation veloci-
ties. From this analysis, a speed of 10 m/s was selected as the design longitudinal velocity for
achieving the required spread and flow performance for given water pressures. A spiral nozzle
located in the area where the fire occurred is shown in Figure 4.2.

4.3. Smoke and thermal detection

A linear heat-detection system is installed above the traffic lanes to detect temperatures in excess
of 68°C or a change in temperature greater than a predetermined rate. These alarms did not play a
critical role in the Burnley Tunnel fire.

Smoke detectors are located in all other underground service areas.

4.4. Communications
4.4.1 Radio re-broadcast

Ten FM and ten AM radio stations have their transmissions re-broadcast within the tunnel. This
re-broadcasting enables CityLink to disrupt normal transmissions and superimpose messages

60

Copyright © ICE Publishing, all rights reserved.



Tunnel fire investigation Ill

A spiral nozzle located in the area where the tunnel fires occurred

over active radios while vehicles are in the tunnels. Usually these re-broadcasts are coupled with a
tunnel public address system.

4.4.2 Public address system

The tunnel control operator can make public announcements using the public address system,
which comprises 178 speakers spaced at 30 m intervals. Normally the announcements are the
same as those being played through the radio re-broadcast system.

4.4.3 Emergency services radio

A common fire brigade, ambulance and police services communications re-broadcast system is
provided in the tunnels. This system replicates the functionality of the emergency services’
radios used on the surface.

4.4.4 Fire telephone system
A fire telephone system is installed at 120 m intervals. This was installed especially for fire-fighters.
It has a 5-hour battery backup and a high level of reliability.

Despite issues with communications during the incident discussed here, the fire telephone system
was not used.

4.5. Signs
4.5.1 Variable message signs
Variable message signs are located at regular intervals throughout the tunnels.

4.5.2 Variable speed limit signs
Variable speed limit signs allow the tunnel operator to vary the allowed speed displayed to motor-
ists in the tunnel.
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4.5.3 Closed-circuit television (CCTV)

The 60 CCTV cameras within the Burnley Tunnel, all with pan, tilt and zoom capability, are
operated by the tunnel control operator. The cameras were used extensively and effectively
during the emergency.

4.5.4 Automatic incident detection (AID) video cameras

Sixty AID cameras provide images of the Burnley Tunnel to the operator. These images are
constantly analysed by computers in order to detect incidents. It was the AID image analysis
that first alerted the tunnel operator to a truck stopped in the tunnel.

4.6. Access and egress

Access into and egress from the tunnel by road is normally via one or other of the two tunnels.
However, in addition, there are: three passages linking the Burnley Tunnel to the adjoining
Domain Tunnel; two safe havens, where a tenable environment is sought to be maintained by
active ventilation of underground caverns; and a separately constructed parallel pedestrian emer-
gency tunnel, providing a safe place for pedestrians following an incident.

4.7. The incident

On 23 March 2007, at 09.52:30 a.m. a truck travelling eastbound in the tunnel made an unscheduled
stop. Over the following approximately 2 minutes, 103 vehicles passed the stopped truck without
incident. By 09.54:24 several vehicles, including four HGVs and seven light vehicles had crashed,
three people were dead, and a fire and a series of explosions had been initiated.

By 09.56:00 a.m. (approximately 2 minutes after ignition), emergency ventilation and the FFFS
system had been activated.

At the time of writing, the official coroner’s report into this incident was not a public document
(although it had been prepared for the coroner by the author). In the absence of legal authority to
refer to the coroner’s report the following eye-witness evidence from the criminal court case
against the truck driver who allegedly caused the deaths is used to illustrate the sequence of
events (Victorian Supreme Court Proceedings: Director of Public Prosecutions v. David Lawrence
Kalwig 16/07/2009):

Essentially I heard the screeching of tyres. I looked in the rear vision mirror; saw the car careering into the
back of the truck. The nose of the car went down, the car lifted up like that so ... and then there was
another smash from behind by a truck.

I saw the truck hit it and the ... I can only assume that it was the gas tank of the vehicle that exploded.
I saw the explosion.

Well I continued to drive through the tunnel. There were . .. there was another explosion shortly after that
which was a much bigger explosion. I remember the windows of my car vibrating as a result. There was also
another announcement that came over the speaker saying that there had now been an incident in the tunnel
and that vehicles were to slow down to 60 kilometres an hour. ..

This evidence graphically describes the crash, fires and subsequent explosions. The initiating
events for this incident were large — large in the context of prior catastrophic events such as the
engine-compartment fire in the Mont Blanc Tunnel incident. Yet, despite the severity of these
initiating events, the fires were contained, with no generalised spontaneous ignition or other
significant fire growth occurring once the deluge FFFS system had been initiated.
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However, it was not only the operation of the FFFS system that was critical. The ventilation
system was also effective in that it stopped backlayering (up a steep tunnel gradient of 6%)
and rapidly reduced the longitudinal airflow (to approximately 2m/s) in order to optimise
smoke extraction and minimise ventilation-induced fire growth. It was the fire brigade that put
out the fires, the deluge FFFS system merely keeping the fires small enough to allow effective
intervention by the emergency services.

The following is a summary of the key events in the 2007 Burnley Tunnel fires, as revealed in the
Supreme Court criminal jury trial against the driver of the truck who initiated the incident
(Victorian Supreme Court Proceedings: Director of Public Prosecutions v. David Lawrence
Kalwig 16/07/2009). This evidence is indicative only of the events, and is not from the more
detailed Coronial investigation.

At 9.52:30 a truck stopped in the left (slow) of three lanes in the east bound Burnley Tunnel.

Between 9.54:26 and 9.54:30 a series of collisions, explosions and fires occur when a truck crashes into
several cars and HGVs in the region immediately behind the stopped truck. Eventually the truck which
initiated the series of crashes hit the stopped truck, pushing it many metres forward.

At 9.55:37 the tunnel operator enabled emergency mode in preparation for the smoke extraction, deluge
operation and evacuation.

A19.55:50 the emergency response plan was initiated by the tunnel controller including activation of emer-
gency smoke extraction and the deluge system.

At 9.55:54 the smoke extraction system was activated.

At 9.56 the FFFS system (Deluge) was activated.

If the FFFS system had operated purely automatically, without operator intervention, then
the wrong section would have been activated. Three people were killed in three different
vehicles. Two of the three deaths were determined to be ‘effects of fire’. The fires that killed
these people were not, and could not be, extinguished by the FFFS system, because deluge
systems cannot penetrate inside the shell of a vehicle. All those killed suffered fatal serious
physical injuries in the car crashes, and would have been expected to die even without the
‘effects of fire’.

The lack of damage to the outsides of the vehicles involved in the fires, and the absence of fire
growth along the tunnel are entirely consistent with the expected impact of a deluge system on
the growth and spread of fires in tunnels.

The incident resulted in several hundred people being evacuated from the tunnel — and their
vehicles. None of the evacuees or their vehicles was injured or damaged. The tunnel suffered
only minor damage, and could have been reopened tens of hours later if the extent of the
damage could have been determined more rapidly (Figure 4.3).

4.8. Discussion

In the Burnley Tunnel incident, the ventilation system rapidly reduced the longitudinal air
velocity to approximately 2 m/s. This low ventilation rate was sufficient to stop backlayering,
despite the buoyancy effect caused by the tunnel’s steep gradient (in excess of 6.2% at the
incident location).
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Figure 4.3 Burnley Tunnel after the fire. The road surface, tunnel walls and tunnel services are still intact

The rapid activation of the FFFS system and the comparatively low longitudinal air velocities
coincided with only minimal growth of the fire following the crash, explosions and subsequent
fire. This is entirely consistent with the theoretical results supporting the merits of suppression
systems.

The fire burning under the truck, in the engine compartment and tyres, was not extinguished by
the FFFS system, but by fire-fighters. This is entirely consistent with the expectations derived
from experiments involving shielded fires.

The absence of spontaneous ignition and the lack of accelerated fire growth is consistent with the
experimental data on the effects of a FFFS system with a water application rate of the order of
10 mm/min.

4.9. Conclusion

The rapid and accurate use of the Burnley Tunnel FFFS system, coupled with effective control of
the longitudinal air velocity coincided with minimal tunnel damage, no non-crash, fire-related
injuries and rapid reopening of the facility.

It is likely that the use of an FFFS system coupled with advanced tunnel-ventilation control, rapid
incident detection and accurate response positively contributes to tunnel fire safety and asset
protection. See also, Dix, 2010.

REFERENCE
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5.1. Introduction

A number of different kinds of safety system are installed in road, rail and underground railway/
metro tunnels, including fire detection systems, ventilation systems, suppression systems and
alarm systems. While these systems are very diverse, they all have the same basic aims, i.e. to
reduce the risk of injury or fatality for tunnel users and to reduce the risk of damage to the
tunnel structure or operation. Central to the understanding of the expediency of these systems
is an understanding of risk itself, and the related concepts of prevention and protection. This
chapter gives an introduction to risk and its associated concepts in general terms, before relating
these concepts to tunnel fire safety. Related information may be found in other chapters in this
Handbook.

5.2. Risk as a systemic product

If there is a single concept that is crucial to the understanding of risk, it is the concept of the term
system. However, the word ‘system’ is used in countless different ways, and there are a very large
number of definitions in the literature. For example, the word ‘system” applies to the solar system,
philosophical systems, social systems, technical systems, etc. Cutting to the essence of the concept,
it can be said that: a system is any entity, conceptual or physical, which consists of interdependent
parts. (For more on the concepts ‘system’, ‘systemic’ and ‘reductionistic’, see Beard (1999).)

Given the general definition above, two specific kinds of system are

® a human activity system, which comprises people and non-human parts
m a functional system, which has a function or purpose.

It is important that ‘systemic’ not be confused with ‘systematic’. To be systematic is to be
‘methodical’ or ‘tidy’. It is desirable to be systematic, but to see things in a systemic way is
more than this —it is to see events as the result or product of the working of a system. For example,
we may talk about a person as being ‘happy’ or ‘sad’. This refers to the entire person, even though
the ‘person’ consists of ‘parts’, such as neurons and muscles, within a context. It does not make
sense to talk about a ‘happy muscle’. That is, being happy or sad is an emergent property of the
whole person, not a property of any single part.

Given this, we may see ‘failure’ as a product of a system and, within that, see death, injury,
property loss, etc., as results of the working of systems. This may be summarised as shown in
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Figure 5.1 Risk as a systemic product
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Figure 5.1. In the figure, ‘social factors’ is intended to be interpreted generally, to include
economic or political factors. ‘Social aspects of the design process’ for example, may be taken
to include economic or time pressures. There may also be institutional pressure.

After the start of operation, a similar figure to Figure 5.1 would apply, where the domain would be
‘operation’ rather than ‘design’. Institutional pressure, often related to socio-economic or political
influences, may be very strong (see Chapters 23 and 30).

Some specific examples are given below of how risk may be seen as a product of a system. There
could be many other examples.

5.2.1 Example 1: interaction between different materials/items

The behaviour of a particular material must not be looked upon purely in isolation. For example,
polystyrene packing pellets will not burn very easily on their own (e.g. in a pile on a concrete
floor). However, if they are put into a cardboard box and the corner of the box is ignited, the
polystyrene would be expected to burn very readily and produce thick black smoke. Thus, if
there is sufficient heat flux over a sufficient area, packing pellets will cause a serious fire. One
of the heavy goods vehicles (HGVs) involved in the Channel Tunnel fire in November 1996
contained polystyrene.

This example shows the inadequacy of testing materials in isolation. As a material, when in pure
isolation, polystyrene packing pellets might be regarded as not representing a particularly great
risk. However, as part of a system they may represent a considerable risk.

The question then becomes: “Where are polystyrene packing pellets often found in the real world?’
One answer is that they are very often found packed around electronic equipment or fragile items
within cardboard boxes. Thus, in real situations, the system of which this material is often a part is
such that there may be a significant risk.

5.2.2 Example 2: geometrical arrangement

Waste paper ignited in a metal bin in the centre of a room will very likely burn out without the fire
spreading. If the bin is in a corner, however, the fire may well spread to the walls, up to the ceiling,
and lead to flashover.
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The question is then: “Where are waste paper bins often found in the real world?” One answer to
this is that they are often found in the corners of rooms. Thus, as with the polystyrene example
above, the real-world system of which the waste paper bin is a part is often such as to create a
significant risk.

In a tunnel context, the geometrical arrangement of items, in a HGV, for example, may strongly
influence the development of a fire. It has been found, for example, that changing the structure of
a wooden crib, without changing the fire load, has a ‘considerable effect’ on combustion (Chang
et al., 2006/07).

5.2.3 Example 3: integration of infrastructure and operation
In the Burnley Tunnel fire in Melbourne in 2007, a fixed fire-fighting system played a crucial part.
However, according to Dix (2010):

it was not merely the presence of a fixed fire fighting system which was critical — it was that the ventilation
system was effective and that the system was operated in a timely and accurate manner. Furthermore it was
the fire brigade which put the fires out — the deluge system merely kept the fires small enough to allow effec-
tive emergency services intervention.

It seems that if the fire-fighting system had been purely automatic, it would not have been
effective, and Dix (2010) goes on to say:

provision of a fixed fire fighting system does not, of itself, make a tunnel safe.

5.2.4 Example 4: vehicle design
Vehicle design will affect the chance of ignition and/or fire spread in a tunnel; as well as on the
open road.

5.2.5 Summary
Three general points are evident from the above discussion.

B Materials and other parts of a system must not be looked upon in isolation.

®m  The risk implicit within a system depends on how the system is put together and how it
operates.

B How a system is put together and operates depends on decision-making.

As a corollary to the above, it is worth noting that fire testing is often carried out in isolation;
although testing of assemblies takes place to some extent. While individual properties are
important, it is not efficacious to take a purely reductionist approach. A coherent understanding
of risk must employ the concept of ‘system’ in a meaningful way.

5.3. Incompleteness of assessment: allow for the unanticipated

The complexity and multi-faceted nature of the entire system of which tunnel risk is a product
means that an assessment should be expected to be incomplete, especially as analysts are often
working under restraints of time and money. It follows from this that it would be prudent to
err on the side of caution and not to assume that we can know all possible sequences (Beard,
2002, 2004). That is, it is wise to try to allow for the unanticipated, by building flexibility and
redundancy into the system.
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5.4. The system changes

It is necessary to realise that, in the real world, the system changes. It is not adequate to carry out
an assessment for a current system and then, effectively, assume that the system remains
unchanged. For example, in recent decades there has been a considerable increase in the
number of HGVs on the roads; that is, traffic patterns and vehicles change over time. In general,
it is essential to detect significant changes in the system as soon as possible, and to take account of
these. In addition, relying to a large extent on historical statistics (e.g. the average number of
tunnel fires or fatalities over two or three decades) may be misleading, as recent changes in the
system may not be reflected in these data to any significant degree (see also Chapter 27).

The specific issues of global warming and rising sea levels, and the possible effects on tunnel
safety, have been raised by Dix (2008), and this certainly requires further work.

5.4.1 Degradation of the system: increase in ‘entropy’

It has been argued that human—technical systems have a general tendency for their ‘entropy’ (i.e.
their ‘degree of disorder’) to increase over time (Critchley, 1988). Among other things, this links to
the crucial importance of maintenance. It also links to the ‘boiled frog syndrome’, whereby risk
has a tendency to creep up on us (Senge, 1993; Beard and Cope, 2008). Seriously attempting to
address this issue is very important. The concept of ‘degradation’ also relates to the concepts
of ‘safety-critical’ element and system (Redmill and Anderson, 1993) and ‘vulnerability’ of
systems (Agarwal et al., 2001).

5.4.2 Information

Information needs to be up to date and communicated to the people who need to know. For
example, in 2010 a nuclear submarine ran aground off the Isle of Skye, Scotland. It was later
discovered that the charts of the area that were being used were out of date (Paterson, 2010).

5.4.3 The terms ‘hazard’ and ‘risk’

Unfortunately, there is considerable lack of consistency in the use of the terms ‘hazard” and ‘risk’,
both in the literature and in society in general. Some people tend to use the word ‘hazard’ alone,
and refrain from using the word ‘risk’, while for other people the opposite is true. Etymologically,
the origin of the word ‘hazard’ is not known. A common interpretation is that it derives from the
Arabic al zar, meaning ‘the die’ (i.e. as used in the game of dice). The word ‘risk’ seems to come
from Italian, but is of uncertain origin. Conceptually, it is convenient to distinguish between
hazard and risk and, historically, the essence of the usage of these term seems to be

m the word hazard tends to be associated with the factors that may contribute to some kind
of ‘harm’ (e.g. loss of life, injury or property damage)

m the word risk tends to be associated with consequences, or the chance of a particular kind
of harm.

It is important to be aware that these words are often used in quite different ways. If either of
these words is used, either verbally or in writing, then the question should be asked: “What is
meant by the use of this word here by this writer or speaker?’. With this caveat in mind, the
following definitions may be employed.

B Hazard pertains to the potential, within a system, for harm. A system may, therefore,
contain different kinds of hazard, for example, fire hazard or electrical hazard.
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Figure 5.2 A crucial event

CRUCIAL
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Beyond this, the following concepts may be defined.

B A crucial event is an event that may lead to harm.
B A hazardous system is a system that has the potential for a crucial event.
B A hazardous factor is a factor within a hazardous system.

The term ‘risk’ may be thought of as relating to the chance or probability of a particular kind of
harm occurring (e.g. loss of life) following a crucial event. The word ‘crucial’ comes from the Latin
crucis, meaning a ‘cross’, and the relevance of this can be seen in Figure 5.2 (in this case resembling
a Saint Andrew’s cross). Factors A and B come together within a system to produce a crucial
event, and may lead to consequence 1 or consequence 2. A diagram of this kind can be generalised
to include more incoming factors and more outgoing consequences. The word ‘crucial’ is particu-
larly apt (rather than, for example, a term such as ‘initiating event’), because it emphasises the
‘crossing’ nature of the event, i.e. considering what comes ‘before’ is just as important as what
comes ‘after’.

5.5. Prevention and protection as basic concepts

As with the terms ‘hazard’ and ‘risk’, there is often lack of clarity in the use of the terms
prevention and protection. A measure that one person refers to as ‘prevention’ may be referred
to by another person as ‘protection’. There is no absolute sense in which these terms may be
understood. However, these concepts may be seen in a straightforward manner in relation to
the concept of a crucial event. Measures relating to prevention may be seen as those that
reduce the probability of a crucial event occurring, while measures relating to protection may
be seen as those aimed at reducing the consequences after a crucial event. (The word ‘protec-
tion’ here may be regarded as including ‘total protection’ (i.e. no harm occurs), or ‘mitigation’
(i.e. ‘partial protection’), in which some harm would come about.) This concept is illustrated in
Figure 5.3, which is a more generalised form of Figure 5.2.

As a specific example, in relation to “fire hazard’, one might consider the diagram shown in Figure
5.4, where ignition is the crucial event. Bear in mind that ignition might be preceded by other
events that may also be regarded as crucial events (e.g. a petrol spillage). In Figure 5.4, the
major, medium and minor consequences may be thought of as:

B Major consequence: a consequence involving fatalities or severe injuries, or major property
damage, or major disruption of operation.

B Medium consequence: a consequence involving medium level injuries, or a medium level of
property damage, or a medium level of disruption of operation.
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Figure 5.3 Prevention and protection
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B Minor consequence: a consequence involving minor or no injuries, or minor property
damage, or minor disruption of operation.

It follows that a preventive measure is preventive in relation to a particular crucial event; in
relation to another crucial event it may be regarded as protective. For example, if ignition is
regarded as a crucial event, then first-aid fire-fighting may be regarded as a protective measure.
However, if major fire is taken as a crucial event, first-aid fire-fighting immediately after ignition
may be regarded as preventive.

A more specific case, where fire in a vehicle is the crucial event, is represented in Figure 5.5.

5.6. Context and causation

Whether or not an event may be regarded as a crucial event depends on context. For example, the
event ‘hydrocarbon release’ could only be regarded as a crucial event with respect to fire hazard in
the context of a system in which there is the possibility of ignition. Furthermore, a factor (i.e.
condition or event) that plays a part in bringing about a crucial event is only a ‘cause’ within a
given context. That is, a fire is only produced by a ‘cause’ where that cause is within a particular
system. It is more clear to refer to ‘causal factors’ bringing about a fire; and, even then, those
causal factors are within the context of a system.

Figure 5.4 Ignition as a crucial event
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72

Copyright © ICE Publishing, all rights reserved.



Prevention and protection: overview

Figure 5.5 Fire in a vehicle as a crucial event
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5.7. Prevention and protection in tunnels

Fires in tunnels are generally different to ‘similar’ fires in the open (e.g. in a car or HGV). The
tunnel environment creates effects such as those associated with confinement of heat and
smoke and difficulties of fire suppression. Because the nature of a fire in a tunnel depends consid-
erably on the tunnel system it is in, including the basic characteristics of the tunnel, it is vital that
fire safety be considered from the beginning as an intrinsic part of the design process.

Given this, whether or not a measure is to be regarded as part of ‘prevention’ or ‘protection’
depends on the particular crucial event that these terms are defined in relation to. If ‘fire spreads
beyond the first vehicle’ is taken as a crucial event, then confining a fire to the first vehicle, by
manual or automatic fire suppression, would be part of ‘prevention’. However, if ‘fire starts in
first vehicle’ is taken as a crucial event, then stopping the fire spreading beyond the first vehicle
is part of ‘protection’. In this way, almost every measure could be regarded as prevention, if
the defining crucial event were taken as, say, ‘extended conflagration in tunnel’. Conversely,
almost every measure could be regarded as protection if, for example, the defining crucial event
were ‘fire starts in vehicle engine 100 m before enters tunnel’. Prevention and protection are not
defined in absolute terms, but only in relation to a crucial event and the system that the crucial
event pertains to.

If prevention and protection are to be distinguished clearly in a valuable way in relation to
tunnel fire safety, then it becomes necessary to define a fundamental crucial event (FCE), which
would apply to all tunnels. Furthermore, the FCE should allow definitions of prevention and
protection that are valuable and seem to contain the essence of what prevention and protection
have implied as they have been used in the past. Historically, ‘prevention’ has implied ideas
such as ‘locking the stable door before the horse has bolted’ and, in terms of healthcare,
‘prevention is better than cure’ (i.e. stopping a disease coming about rather than trying to treat
people after they are already ill).

With this in mind, the following crucial event is put forward as a FCE in the context of tunnel fire
safety: “fire exists in tunnel’. It is proposed that this crucial event be used as a defining crucial event
for the concepts of prevention and protection in a ‘fundamental’ sense in relation to tunnel fires.
(It should be emphasised that the FCE is intended to include non-flaming combustion as well as
flaming combustion.) With this definition, therefore, avoiding a major tunnel fire would involve
both preventive and protective measures. This is illustrated in Figure 5.6, where event B consists of
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Figure 5.6 A fundamental crucial event (FCE) for tunnel fire prevention and protection

Event A
Ignition of item
outside tunnel Event B
Ignited item
moves into
Given event A tunnel
ltem moves
into tunnel
First ignition of incident takes ) FCE.
place inside tunnel Fire exists
in tunnel

the events that lead to it (i.e. an item is ignited and that item moves into the tunnel). (Note that the
two events preceding event B are conditionally related, and are not independent.) Events
combined through AND and OR gates in this way constitute a logic tree or ‘fault tree’. Fault
trees were developed in the nuclear industry, and the faults consisted of events such as the sticking
of a switch or failure of a power supply leading to, for example, failure of control rods to drop.
The fault-tree concept is valid for events in general, however, not just ‘faults’.

Figure 5.6 may be used as a basis for defining ‘fire prevention’ and, by implication, ‘fire protection’
in relation to tunnels. The FCE may be prevented by preventing the two crucial events that
precede it, i.e. by preventing: ‘Ignited item moves into tunnel’ and ‘First ignition of the incident
takes place inside tunnel’. Fire protection consists of trying to reduce the unwanted impact of the
consequences of these two events. These events would result from constitutive crucial events
(CCEs), such as those in Figure 5.7. In this figure, the OR gate would probably be regarded as
a mutually exclusive OR gate (indicated as XOR), unless it is assumed that the first ignition of
an incident could take place at precisely the same time on two different items (in this case, a
HGV and a vehicle other than a HGV). While this may seem unlikely, in principle it could
occur in any system as a result of a failure due to a common cause (e.g. related to electricity
supply). If the possibility of common-cause failure is assumed to exist, then very great care
must be taken when constructing trees in order to avoid false logic, which will lead to
erroneous results and conclusions.

CCEs, such as ‘First ignition of the incident takes place inside tunnel, in a HGV’ may be used
as a more specific basis for managing prevention and protection. The possible consequences

Figure 5.7 Constitutive crucial events

First ignition of the incident
takes place inside tunnel,

in a HGV First ignition of the
incider}t takes place
First ignition of the incident inside tunnel

takes place inside tunnel,
other than in a HGV
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Figure 5.8 An event tree

Fire not Fire spreads | Fire spreads
extinguished to involve to second
very soon whole vehicle vehicle

Very serious
Yes consequence
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consequence

First ignition of Yes No Medium
the incident takes consequence
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tunnel, in a HGV No Minor

consequence

after such a crucial event may be examined more closely using an ‘event tree’, an example of
which is given in Figure 5.8. Such event trees may be used as a basis for examining ‘protection’.
In Figure 5.8, it has been assumed, for simplicity, that the first burning vehicle needs to
become fully involved before the fire spreads to a second vehicle, although in reality this may
well not be the case. While the tree in Figure 5.8 is simple, for illustrative purposes, such a tree
may be used as a basis for considering ‘protection’ with respect to that particular crucial event.

Effectively, therefore, there is a ‘fault tree’ before a crucial event and an ‘event tree’ after a crucial
event. An example of a more specific event tree is given in Appendix SA. A fundamental task, in a
specific case, involves the identification of possible crucial events both before and after the FCE.
Crucial events that may come about after the FCE may be termed constitutive, not just those
crucial events that occur before the FCE. It is proposed here that the FCE be used as a basis
for defining prevention and protection in a ‘fundamental’ sense. That is, measures aimed at redu-
cing the probability of the FCE occurring are ‘fundamentally preventive’. It remains the case that
all crucial events, both before and after the FCE, carry implicit definitions of prevention and
protection in relation to those crucial events. However, all measures aimed at reducing the prob-
ability of the FCE occurring, whether protective in relation to a CCE or not, are defined as ‘funda-
mentally preventive’. Likewise, all measures aimed at reducing the magnitude of the consequences
after the FCE has occurred are ‘fundamentally protective’, whether a measure is preventive in
relation to a constitutive crucial event or not. In this sense, a measure may be constitutively
protective, but fundamentally preventive (e.g. using an extinguisher to put out a small fire on a
HGYV before it has entered a tunnel). In a corresponding manner, a measure may be fundamen-
tally protective but constitutively preventive (e.g. stopping a fire on a vehicle in a tunnel from
spreading to a second vehicle).

There are, however, problems with constructing fault trees and event trees for fire safety purposes.
In particular, it is difficult to represent dynamic change, i.e. to take account of developments over
time. This may be overcome through the use of stochastic models, which may be constructed to
both lead to a crucial event and away from a crucial event (see Chapter 29).
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5.8. Fire Safety Management

Fire safety management may be seen in terms of the two key concepts of prevention and protec-
tion, where protection is assumed to include mitigation. This is a special case of the management
of risk in general. In broad terms, measures aimed at reducing the probability of ignition may be
regarded as preventive, and measures aimed at eliminating or reducing harm after ignition may be
regarded as protective. As part of overall fire safety management, it is essential to have a coherent
fire safety management system, and this is considered in more detail in Chapter 23.

Very considerable effort should be put into prevention as part of managing the fire safety for
tunnels. Furthermore, it is proposed that prevention be defined in relation to the FCE and the
CCEs, leading to the concepts of fundamentally preventive and constitutively preventive.
However, while great effort should be made with regard to prevention, there must be adequate
protection, should prevention fail, in order to maintain the risk within an acceptable range. As
a counterpart to prevention, the concepts of fundamentally protective and constitutively
protective emerge as part of the structure created above. This conceptual division is intended
to introduce greater clarity and structure to the assessment and management of fire risk in
tunnels, and to help to ‘focus the mind’.

To be as effective as possible, it is essential that both prevention and protection be considered at
the start of the design stage. With ever more complex tunnels, it is no longer acceptable to consider
fire prevention and protection as a ‘bolt-on’ at the end of the design stage.

Categories of measures that fall within the ambit of fire safety management are summarised in
Figure 5.9. (Useful general material on fire prevention and protection is contained in DiNenno
et al. (2008) and NFPA (2008).) Sometimes a measure may be regarded as both preventive and
protective. For example, maintaining spacing between vehicles may be regarded as part of
prevention, in that it may help to reduce the chance of ignition via a collision, and it may also
be regarded as protective, in that it may help to reduce the chance of the spread of fire after
ignition.

5.9. Fire prevention

In general, the essence of fire prevention is to try to ensure that ignition does not take place. In the
tunnel context, this has been interpreted in terms of the FCE (i.e. ‘Fire exists in tunnel’). Four
general methods for achieving this are

m  Category 1: eliminate or reduce the number of ignition sources and hot surfaces

m  Category 2: have materials or items of ‘low ignitability’ wherever possible (e.g. fire
retarded)

m  Category 3: keep ignition sources and potential fuels well separated

m  Category 4: eliminate or reduce the chance of spontaneous ignition.

As shown in Figure 5.6, two strategic methods are: to prevent an ignited item moving into a
tunnel; and to prevent ignition of an item inside a tunnel. The word ‘item’ here is used for
simplicity; it could just as easily be a fuel, such as a combustible liquid pool.

5.9.1 Prevention: some specific topics
A few specific topics are discussed below as examples of the kinds of practical measures that might
be taken to try to reduce the probability of a fire occurring in a tunnel. The examples are meant to
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be illustrative, and are certainly not exhaustive. It is not intended that topics not mentioned here
be regarded as being of lesser importance, and no significance should be attached to the order of
the items below. What might be appropriate would depend on the particular tunnel. (For other
topics, see Box 22.1 in Chapter 22, and Beard and Cope (2008) and UPTUN (2008a).)

5.9.1.1 Detection of overheated vehicles

An inspection facility at the entrance to a tunnel may be put in place, as at the Mont Blanc Tunnel.
If a vehicle (especially a HGV) were found to be overheated, then it would not be allowed to enter
the tunnel until it had cooled sufficiently. This may be regarded as being in category 1 above.

5.9.1.2 Use of white surfaces

Increasing the illumination level in a tunnel may help to reduce the chance of an accident. A
measure that can contribute to this is to use a white or light-coloured road and/or wall surface.
Such an option has been adopted in the Baregg Tunnel, Switzerland (Day, 2007), where a
light-coloured tarmac has been used for the road surface. This measure may be regarded as
belonging to category 3 above, i.e. keeping potential fuels and ignition sources well separated
by reducing the chance of a collision. It may also be regarded as protective to some extent, in
that a white or light-coloured road surface may possibly assist escape.

5.9.1.3 Speed control
Controlling the speed of vehicles in tunnels is extremely important. This may be regarded as being
in system risk category 3 above, i.e. reducing the chance of a collision.

5.9.1.4 Spacing between vehicles

Maintaining sufficient space between vehicles is also extremely important. This measure may also
be regarded as part of fire protection (see Section 5.10). As part of fire prevention, it may be seen
as in category 3 above.

5.9.1.5 Shuttle transport and road-ferries

A report on tunnel safety, prepared for the National Assembly in France, was published in 2000
(OPECST, 2000). In that report, it is pointed out that the concept of carrying vehicles on carriers
through tunnels (the ‘piggyback’ method) had been used in Switzerland and Austria. A version of
this approach is used in the Channel Tunnel. While the Channel Tunnel is a rail tunnel, the idea
may also be applied to road tunnels. The approach has also been proposed for use on congested
bridges, where it has been called a ‘road-ferry’ (Salter, 2004). It has been estimated that the system
proposed would considerably increase, not decrease, the carrying capacity of the bridge. In rela-
tion to tunnels, it would provide one possible way of controlling the passage of HGVs and other
vehicles through a tunnel. Such a measure may be regarded as in being in category 1 above.

5.9.1.6 Fire-resistant materials and fire retardants

Using fire-resistant materials in vehicles, rail rolling stock and other parts of a tunnel system may
help to reduce combustibility, and this measure would come under category 2 above. In the sense
that fire-resistant materials may not stop ignition but may impede fire growth, they may also be
regarded as part of protection.

An example is seen in the case of the train in the Kaprun disaster, where the train has been
described as being ‘fire-proof’. However, the clothing of the passengers and the goods they
were carrying were not necessarily fire resistant, and these seem to have played a major part in
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the fire (see Chapter 1). While some materials may be regarded as ‘naturally’ fire resistant, rela-
tive to other materials, other materials may have retardants added to them to increase their fire
resistance. However, it needs to be borne in mind that, while fire-retarded materials may have
a lower ignitability than similar non-fire-retarded materials, once burning they may produce
more smoke or toxic gases than similar materials that are not fire-retarded (see e.g.: Cisek and
Piechoki, 1985; Blomqvist ez al., 2004, 2007; Stec et al., 2009). The degree to which smoke and
toxic products will be produced in a fire-retarded material appears to be related to whether or
not the material will form a char (Hull, 2010a). Also, a distinction has been made between ‘fire
retardants’ and ‘flame retardants’ (Hull, 2010b). For a text on fire toxicity, see Stec and Hull
(2010). In their review of the hazards associated with fire emissions, Blomqvist ez al. (2007)
argue that ‘faithful use of full protective gear’ should provide adequate protection for fire-
fighters on active duty (although this review is not related specifically to fires in tunnels).

5.9.1.7 Vehicle design

Changing vehicle design may have a very significant effect on the chance of a fire starting or
spreading in a tunnel. Changes may have the effect of increasing or decreasing the chance of
harmful effects. For example, increasing the fuel tank size in HGVs is an undesirable change.
Amending vehicle design to reduce fire risk has taken place to some degree (e.g. in France).
This issue illustrates how tunnel safety results from the action of the broader system, not just
the immediate tunnel system itself.

5.10. Fire protection
As indicated in Figure 5.9, fire protection consists of passive fire protection and active fire
protection.

5.10.1 Passive fire protection

Passive measures of fire protection are those related to the features of the tunnel structure itself,, its
subdivisions and the envelope of the structure. They are properties of the tunnel’s construction

Figure 5.9 Categories of fire safety management

Fire safety
management
| Fire prevention | | Fire protection |
’ Overall . . .
Equipment design Operation Passive Active
Envelope . Structural Passive means
protection Compartmentation protection of escape
| Active means of escape | | Smoke control | | Fire detection | | Fire control/suppression
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that serve to limit the spread of fire and smoke, should a fire occur. Essentially, they are there for
the lifetime of the tunnel.

Such measures may be considered under four headings.

B Structural protection, i.e. protection against the effects of heat passed to the structural
elements of the building.

u  Compartmentation, i.e. the division of the tunnel into different spaces and the fire and
smoke resistance afforded by that subdivision. While this may not have been carried out in
the past, it should be considered as a possibility.

B Passive means of escape, i.e. those ‘fixed’ aspects of the tunnel that are intended to aid
escape in the case of fire; the features of intended escape routes. The boundaries of escape
routes should have a relatively high degree of fire resistance.

m  Envelope protection, i.e. the elimination or reduction of the threat posed by a fire to other
properties and people outside a tunnel containing a fire. Limitation of the possibility of
ignition of another property. For example, flaming particles (brands) may be carried
upwards by convection currents and land on other buildings.

5.10.2 Active fire protection

Active measures of fire protection include: measures that operate in the event of a fire; and
measures (e.g. operational procedures) that exist perhaps all the time, and are aimed at protection
should a fire occur in the tunnel. Measures in the first of these categories require some form of
communication or activation to occur, by informing people or equipment of the presence of
the fire, and thus enabling action to be taken to contain the spread of the fire or to initiate
escape. Several methods exist for fire detection, and it has been recommended that the fire-detec-
tion system incorporate redundancy by consisting of several different systems using different tech-
nologies (Rogner, 2009). It has become evident that, as a general rule, very rapid action is required
to extinguish or substantially control a tunnel fire, especially fires that involve HGVs (Beard,
2009, 2011) (see also Chapter 4). Because of this, very rapid detection is needed, and detection
systems are required that can do this reliably in an operational setting. Rapid action by opera-
tional staff is also a necessary part of the system.

Many active measures of containment are concerned with the control of smoke spread rather than
the control of the spread of the fire itself. Measures of fire or smoke control generally depend on
detection of the fire triggering some kind of countermeasure, which may be manual or automatic.
Fire brigade action is effectively part of active fire protection. In recent years, much consideration
has been given to fixed fire-suppression systems, and the World Road Association (PIARC) now
recognises that such systems may be appropriate, even if it does not actually recommend these
systems in all new tunnels. The first such system was installed in a Japanese road tunnel in
around 1950, and today Japan has about 80 road tunnels fitted with these systems (Brinson,
2010). Worldwide there are more than 100 tunnels with fixed fire-suppression systems (Brinson,
2010). More detail on active fire protection can be found in Chapters 6 and 8. See also Brugger
(2003), Collins (2003) and Jacques (2003), on automatic incident detection.

5.10.3 Protection: some specific topics

Some information on a few specific topics is given below. The topics covered should not be
regarded as exhaustive, and it should not be assumed that topics that are not mentioned are
less important. (For other topics see Beard and Cope (2008) and Box 22.1 in Chapter 22.)
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5.10.3.1 SCADA systems

Supervisory, control and data acquisition (SCADA) systems have come into use in tunnels and are
intended to provide a comprehensive system that enables an operator to receive information from
equipment located in the tunnel (e.g. detectors) and to control equipment (e.g. fans). The data
acquisition and control are routed through a computer system. SCADA systems have been used
in different types of facilities, not just tunnels. It needs to be borne in mind that any particular
SCADA system may be unsuitable for its intended purpose, and may cause serious problems. As
an example, in the case of a prominent European tunnel, a report (Prime Time, 2008) found that
the specific SCADA system in place ‘generates dangerous situations’ and was found to be
‘unsuitable to ensure the tunnel’s safe operation’. It is essential, therefore, to ensure that, if a
SCADA system is to be used, it is reliable and adequate for the intended purpose. This would, of
course, apply to any system involving electronic or computer-based elements, whether a SCADA
system or not. As general related points: it is essential to avoid common-cause failure, and sufficient
redundancy must be built into any system; and systems need to be as robust as possible.

5.10.3.2 Fire detection in tunnels: some specific documents

Many documents exist on fire detection in tunnels, and a very few are mentioned here (Directorate
General for Public Works & Water Management, 2002; Comeau and Flynn, 2003; Liu ez al., 2008;
Aralt and Nilsen, 2009; Day, 2009). Some key points taken from these documents are given below.

Road Tunnel Fire Detection Research Project

This project (Liu et al., 2008) was commissioned by the Fire Protection Research Foundation,
USA, and carried out by the National Research Council of Canada and Hughes Associates
Inc. It included tests conducted in laboratory tunnel facilities, the Carre-Viger Tunnel in Montreal
and the Lincoln Tunnel, New York. The detector systems tested were

linear heat detection systems (two types)

optical flame detector (one type)

video-imaging detection (VID) systems (three types)
spot heat detectors (two types)

air-sampling smoke-detection system (one type).

The fire scenarios simulated were

small unobstructed pool fires

pool fires beneath a simulated vehicle
pool fires behind a large vehicle
engine compartment fire

passenger compartment fire

moving vehicle fire.

Tests were carried out with minimal air flow and with longitudinal air flow up to 3 m/s. The report
should be consulted for full details.

Some key general results taken from the report include the following.

®m  Longitudinal air flow had a significant effect on fire behaviour and detector performance.
Response times to a fire could be increased or shortened with longitudinal ventilation,
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depending on fuel type, fire size, fire location and growth rate, ventilation velocity and
detection type.

®  Small moving vehicle fires (conducted for minimal air flow only) were difficult to detect.

®m  Overall: the air-sampling smoke-detection system performed well; the linear heat detectors
were able to detect the fires for most scenarios; systems that rely on field of view had
problems detecting fires that were concealed by obstructions, but multiple detectors could
be used to address this; for VID systems there was a variation in performance depending
on the method used to determine the presence of a fire; spot heat detectors were not able to
detect fires smaller than 1.5 MW.

It needs to be borne in mind that the results obtained are relevant only to the conditions of the
tests (e.g. the direction of the forced ventilation flow and the fuels used).

Automatic fire detection in road traffic tunnels
In this study (Aralt and Nilsen, 2009), fire experiments were carried out in the Runehamar Tunnel
in 2007. One of the conclusions of the study is: ‘earliest detection of a car fire, fire starts inside, was
by smoke detection given fixed limits (3000 pg/m’)’.

Second Benelux Tunnel tests, 2001

This was a major test series covering many aspects of tunnel fire safety (Directorate General for
Public Works & Water Management, 2002). For linear detection systems, it was found that ‘for a
rapidly developing fire, an alarm will usually be activated within 3 minutes’. However, the impor-
tant caveat is included that ‘conclusions are based on the sensitivities set’.

The Big Dig

It is reported (Comeau and Flynn, 2003) that during a fire which occurred in the Ted Williams
Tunnel, Boston, MA, USA, in 2002, ‘the first alarm to the operations control centre (OCC)
came from the carbon monoxide detectors in the ceiling. The linear heat detectors didn’t activate
until after the fire department was on the scene’. The point is also made that a fire may well start
inside a vehicle, and the amount of heat released into the tunnel may be relatively low.

Linear temperature/heat detectors

It has been reported (Day, 2009) that: “The most common detection technology is the linear
temperature/heat detection system. These systems claim reliable, fast and accurate detection of
the fire and its location. Numerous examples have demonstrated that those claims are not always
forthcoming in practice, particularly the reliable detection within the required period of time’.

5.10.4 Protection: some specific measures

Given below are a few examples of the kinds of measures that might be taken to reduce the severity
of consequences should a fire occur in a tunnel. The list of topics covered is meant to be illustra-
tive, and certainly is not exhaustive. As with the specific topics on prevention above, it should not
be assumed that measures not mentioned here are of lesser importance, and no significance should
be attached to the order of the items. (Also, see the UPTUN work, especially that of UPTUN,
2008b.)

5.10.4.1 Spacing between vehicles
Maintaining sufficient spacing between moving vehicles and between stationary vehicles is
extremely important. Measures aimed at this may be regarded as part of protection, in that it
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may help to reduce the chance of fire spread and is part of fire control (see e.g. Perard,
2001). It may also be regarded as part of fire prevention in that it may help to prevent a
collision and a fire starting. Preventing a collision not only reduces the chance of ignition, but
also reduces the chance of loss of life or injury resulting directly from a crash, whether a fire
results or not.

It is now known that fire can spread over very great distances between vehicles. In the Runehamar
test series (Lonnermark and Ingason, 2006), it was found that, with a ventilation velocity of about
2.5 m/s, flame length extended approximately 95 m downstream of a simulated HGV trailer fire. It
should be assumed, therefore, that ignition of a second vehicle by flame impingement would be
possible at about that distance or even greater. Furthermore, spontaneous ignition (via hot
smoke) is possible beyond the distance at which flame impingement would be possible, and
there is also the chance of ignition via burning brands or transfer of liquid. In the Mont Blanc
Tunnel fire of 1999, distances between ignited vehicles were sometimes considerable; a fire
engine even caught fire while stationary at 450 m behind the last HGV to have entered at the
French portal (Lacroix, 2001).

5.10.4.2 Interspersing more and less flammable loads

While vehicles carrying loads designated as ‘dangerous goods’ are subject to special regulations,
other vehicles also carry loads that are ‘dangerous’ but which are not designated as such. Goods
vehicles, especially HGVs, carry loads of different flammability. For example, one HGV may be
carrying plastics and another may be carrying fruit. If vehicles entering a tunnel are controlled
such that those with more flammable loads are interspersed amongst those carrying less
flammable loads, then the chance of fire spread may be reduced. In the Channel Tunnel fire of
1996, fire spread from one HGV to another, and at least ten wagons were severely damaged. It
appears that the fire essentially stopped spreading when it reached two HGVs carrying pineapples,
which seem to have effectively acted as a ‘fire break’. The HGV beyond the pineapples did not
sustain significant damage (Liew and Deaves, 1998).

The interspersing of more flammable loads between less flammable loads could be implemented by
design, rather than chance. While the Channel Tunnel operator employs a shuttle system, similar
to a road-ferry, and control is thus easier than in other tunnels, the basic principle of interspersing
more flammable loads amongst less flammable ones may be implemented in other tunnels,
including road tunnels.

5.10.4.3 Preventing vehicles entering a tunnel: use of a water screen

Tunnel operators may find it very difficult to prevent vehicles entering a tunnel when an incident
has occurred inside the tunnel. Red lights and similar measures may not be adequate. A novel
system for preventing vehicles entering a tunnel has been developed and implemented in the
Sydney Harbour Tunnel. This consists of a water screen at the entrance, directly facing drivers,
with a very large ‘Stop’ sign projected onto it (Allen, 2009). Overall, it has been found to be
effective, although a few vehicles have actually passed through the screen.

5.10.4.4 Reducing the number of HGVs and dangerous-goods vehicles

Reducing the number of HGVs and dangerous-goods vehicles passing through tunnels would
be expected to reduce fire severity. In Europe, the overwhelming majority of goods is trans-
ported by road, and it appears that the market share of rail freight (about 8%) is set to fall
further (Beard and Cope, 2008). This share is much lower than in, for example, the USA.
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Increasing the proportion of goods transported by rail would be expected to have environ-
mental benefits, as well as reducing the risk of major tunnel fires.

5.10.4.5 Audio beacons

An audio beacon may be placed by an exit, sounding a loud auditory message such as ‘exit here’
(Arch, 2007), in order to help guide people to the exit. Systems of this kind have been considered
as part of research on human behaviour and evacuation. Tesson (2010) outlines the main results of
a research project on human factors in tunnels, conducted by the Centre d’Etudes des Tunnels
(CETU), France, between 2004 and 2008. In that study, it was found that the beacons used
remained audible even with a forced ventilation system in operation. Tesson (2010) makes the
general, but very important, point that measures need to be evaluated carefully before being
deployed in a widespread manner.

5.11. Summary

Fire risk must be seen as a product of the working of a system. That is, it is essential to try to
adopt a systemic approach to understanding fire risk. Given this, fire prevention and protection
for tunnels may be considered in relation to the concept of a crucial event. Measures aimed at
reducing the probability of a crucial event are preventive, and measures aimed at reducing the
magnitude of the consequences after a crucial event are protective. In the tunnel context, this
leads to the concepts of fundamental crucial event (FCE) and constitutive crucial events
(CCEs), as described earlier. Corollaries of this are the ideas of fundamentally preventive and
fundamentally protective, and constitutively preventive and constitutively protective. Given
this context, it is desirable for great effort to be placed on bringing about prevention in relation
to the FCE. If this fails, however, it is vital that there be sufficient fire protection (including
measures for detection, suppression and evacuation) to ensure that the risk implicit in the
system as a whole lies within an acceptable range. It is intended that this structure help to
provide clarity and focus to assessing and managing fire risk in tunnels.

Appendix 5A: Thoughts on avoiding major tunnel fires

Paul Scott, FERMI Ltd, UK

It is vital that design and planning aimed at avoiding major fires starts early in the concept design
stage. Designers have traditionally responded to this challenge by adopting one of two design
routes:

m application of a recognised prescriptive code of practice
m the use of ‘risk-informed’ design, using engineering principles to determine appropriate
measures and their specification.

Each design route has its own advantages and proponents, and several codes use both methods.
Each method calls on the other to a greater or lesser extent. The practicalities of tunnelling do not
allow the strict achievement of prescriptive design measures, and risk-informed designs are always
compared with current best practice and code-based design measures, to ensure that designers do
not deviate too radically from accepted good practice.

5A.1 Prescriptive codes
Itis accepted that prescriptive codes may not always be appropriate, but they can represent a good
solution to maintaining risk within an acceptable range.
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The danger of prescriptive codes is that they do not, in general, require a detailed investigation
of hazards, no requirement to assess the ‘risk profile’ of the tunnel is laid down, and there is no
requirement to justify the operational and other parameters required to achieve an acceptable
risk. As tunnel use changes and operational practices change or develop away from that origin-
ally understood by the designers, the risk profile of the tunnel may change, and this may go
unrecognised. However, the tunnel may well conform to all audit requirements and be consid-
ered to represent a well-operated facility.

This effect is noted in most major incidents, as the tunnels in which they have occurred have all
been operating legally, within the framework of national safety legislation; yet many have started
with minor incidents that were entirely preventable.

5A.2  ‘Risk-informed’ methods
Risk-informed design practices can, at best, provide an excellent solution to tunnel design when
the parameters, operating practices and life cycle are well understood.

However, the studies that support safety design proposals may be based on incomplete informa-
tion, and the requirement to use ‘too much’ engineering judgement, too many unfounded assump-

tions, and data that are not applicable to the system under consideration. Often, in the early stages

Figure 5A.1 Event tree for a rail tunnel fire
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of a design, the final operator has not yet been identified, and operational procedures and safety
management systems can only be assumed.

Finally, risk-informed methods may suffer from an over-optimistic interpretation of ‘reasonable-
ness’; i.e. what it is reasonable for the designer and operator to mitigate, and what scenarios need
not be considered as the basis of design parameters. What is considered reasonable may change, as
the public may become sensitised to tunnel fires due to repeated major accidents. Thus a tunnel
design may ultimately be considered to be inadequate at a public inquiry.

5A.3 Major fire development
There appear to be no simple design methods that achieve the aim of preventing major tunnel
fires. As with all design concepts, there is a requirement for compromise.

Figure 5A.2 A major tunnel fire sequence and prevention/protection
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of the need to not enter tunnel
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* Signage/education programmes
for tunnel users
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« Emergency team preparedness fuel of origin
» Education of drivers regarding
first-aid fire-fighting
* Provision of first-aid fire-fighting
equipment
* Provision of communications )
equipment Lack of control of fire [+—— Protection ]
* Signage/education programmes products, vehicles, * Signalling and traffic control
for tunnel users people (or all three) * Emergency team preparedness

* Education of control operators

* Provision of communications
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for tunnel users

* Ventilation to protect tunnel users

Major tunnel fire and tunnel equipment

* Provision of separate means of
access and egress

* Provision of automatic fire-fighting
equipment
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In order to understand the sequence of events that lead to a tunnel fire, we can utilise a traditional
risk model, which combines base events that could cause ignition into a fault tree, and the
resulting fire can then be analysed using a conditional probability tree to predict event sequences
(i.e. an event tree). A similar procedure may be followed for other fires.

Of the seven scenarios in the example given in Figure 5.A1, only two could lead to major tunnel
fires. The remainder would not be expected to produce serious consequences. What are the
sequences, therefore, that produce major tunnel fires?

A simple sequence that applies to both road and rail tunnels is shown in the flow chart in
Figure 5.A2. In this chart the terms ‘prevention’ and ‘protection’ are used in relation to the
FCE as defined in the main part of this chapter. The safety measures in italics are placed in
relation to where they disrupt the sequence of major fire development.

It can be seen that there are recurring themes, and a general progression of safety features, from
vehicle construction standards, management actions and education through to technical measures
(i.e. mechanical and electrical equipment that mitigates the effects of fire, or tunnel design features
that enhance the means of escape when a fire has occurred).
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6.1. Introduction

This chapter describes the problems of detecting fires in tunnels and performance requirements.
Different approaches to alerting tunnel users in case of fire are briefly discussed. A review of
state-of-the-art fire detection systems currently in use and the different approaches in different
countries and cultures leads to the assessment of the technologies in respect of the outlined
performance requirements. Finally, this chapter highlights future trends and emerging new
technologies that aim to increase further the efficiency of fire detection and alarm activation. In
this chapter ‘alarm’ is taken to mean alerting the tunnel operator via a fire-detection control
panel; not information for the public about a fire (see also Chapter 5).

6.2. Problems in detecting fires

6.2.1 Smoke and heat development in a tunnel fire

The development of fires mostly depends on the goods that are burned, although ventilation has a
major effect. Common commuter cars (typical heat-release rate (HRR) in tunnels 3-5 MW) are
the cause of most tunnel fires (see Chapter 1). However, when heavy goods vehicles (HGVs)
are involved the HRR may be considerably greater: 20-30 MW (World Road Association,
1999) or possibly much more; about 200 MW has been found experimentally (see Chapter 14).
Tanker fires may be even larger. With such high HRR values, the consequences can be extremely
serious. In fact, a very large amount of smoke, often very toxic, is released, and may fill an entire
tunnel. Smoke and gases from burnt vehicles in tunnels are very poisonous to tunnel users, and
most casualties in recent major tunnel fires have resulted from inhaled smoke.

The first signs of a fire are smoke or heat. Not all car or HGV fires start with a flaming fire
(which generally occurs after an accident where liquid fuel spills out). Often, fires start with a
smouldering phase, and tunnel users are able to extinguish the smouldering fire without further
consequences (Figure 6.1). But analysing some recent tunnel-fire catastrophes leads to the
following observations.

®  Mont-Blanc Tunnel fire, 24 March 1999: a HGV travels inside the tunnel emitting smoke
(smouldering fire), stops and flames burst into the HGV cabin (Lacroix, 2001).

#m  Tauern Tunnel fire, 29 May 1999: a HGV crashes into stopped cars, fuel pours out and a
flaming fire starts immediately (Eberl, 2001).

m  St. Gotthard Tunnel fire, 24 October 2001: a HGV crashes into the tunnel wall and another
HGYV, and a flaming fire starts immediately (see Chapter 3).

89

Copyright © ICE Publishing, all rights reserved.



Fire detection systems

Figure 6.1 The usual course of fire development
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Smouldering fire Open fire
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During these incidents, the fire grew very quickly and smoke emission was very strong. The
analysis of the data of the St. Gotthard Tunnel fire has shown that the visibility monitors (see
below) were the first instruments to detect the fire, but at that time this signal was not used for
fire detection.

The smoke and heat spread inside a tunnel can be controlled and limited by maintaining smoke
stratification for a limited period of time. By this means the possibility for endangered people to
escape and survive are significantly increased. Therefore, the most important ‘duty’ of the fire-
detection system is to activate the smoke-extraction system in the quickest and most reliable
way possible (Figure 6.2).

Figure 6.2 The relationship between intervention time and damage
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Figure 6.3 Fire-detector types
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6.2.2 Detection principles
A fire gives rise to material and energy conversions, the end products of which are referred to as
‘fire phenomena’. Automatic fire detectors convert fire phenomena into electrical signals. The fire
phenomena of smoke, heat and flame radiation are suitable for early detection of fire. The
different detector types suited to each specific fire phenomenon under normal ambient conditions
are described below (Figure 6.3).

6.2.2.1 Smoke

As a consequence of the disastrous fires mentioned above, in some countries, such as Germany
and Switzerland, visibility monitors or special tunnel smoke detectors installed at intervals of
100-300 m are used for early fire detection in road tunnels (FGSV, 2006; Swiss Confederation,
2007). Visibility or smoke-opacity monitors are usually installed in a tunnel to measure the
smoke density or air pollution (as the number of particles) for ventilation control. Basically,
these systems use light emitters and light receivers to measure scattered light (Figure 6.4) or

Figure 6.4 The principle of operation of smoke detectors
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!
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Figure 6.5 The principle of operation of beam detectors
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light absorption. The best-known devices are optical smoke detectors, which are based on the
reflection principle. When smoke enters the chamber, the light is reflected to the receiving
photo cell (see Figure 6.4). When a specific smoke density is reached (in tunnels this is equivalent
to an extinction coefficient of, for example, 30 x 10 per metre), a fire alarm is activated (see
Chapter 13). In recent years, a new generation of tunnel smoke detectors has been developed,
which are based on visibility monitors. These smoke detectors are of simplified construction for
the specific task of smoke detection in tunnels.

Another well-known system is the light barrier, or beam detector, which is based on the
measurement of light absorption. A light emitter sends, over a distance of several metres, a
light beam, which is received by a light-sensitive device. Depending on the loss of light intensity
due to absorption by the smoke within the measurement length, the system activates an alarm
(Figure 6.5). The reason why this technology cannot be used in tunnels is discussed later.

Smoke can also be detected using video-image-processing software. These systems generally
detect smoke and fire with a high reliability, but they still show too much cross-sensitivity with
other phenomena, leading to false alarms. This problem is discussed further in Section 6.6.

6.2.2.2 Flame

A flame is a radiation-emitting fire phenomenon. Different wavelengths of electromagnetic
radiation, ranging from infrared to ultraviolet, can be detected by flame detectors. Flame
detectors are light-sensitive sensors (calibrated for a certain wavelength) that are activated
when the specific radiation is received (Figure 6.6). This technology is used mainly in some
Asian countries, such as Japan or China. The flame detectors are installed at intervals of
approximately 25 m. However, the rapidly developing smoke will impede the sensors’ ‘view’ of
the flame.

In addition, flames can be detected by video-image-processing systems; but again these systems
suffer from a certain false alarm rate due to interference with other phenomena.
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Figure 6.6 The principle of operation of flame detectors
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6.2.2.3 Heat

Reliable fire detection can also be achieved by measuring the ambient temperature. When a pre-set
maximum temperature is detected, the system activates an alarm. In addition to this, European
Standards (EN 54-5) require evaluation of the rate of temperature rise in order to activate an
alarm, even before the maximum temperature is reached (Figure 6.7).

There are two types of heat-detection systems: point detectors and line-type detectors. Point heat
detectors incorporate a heat sensor (heat-sensitive resistance) connected to an evaluation unit.
Line-type heat detectors have no longitudinal interruption between sensors, and measure, and
in some cases even mathematically integrate, the temperature increase. They thus provide
higher accuracy of detection. Further details of line-type heat detection are given in Section 6.5.

6.2.3 Fire-detection principles appropriate for use in tunnels

Tunnel ventilation keeps down carbon monoxide levels in the air and is intended to ensure good
visibility. Under normal ventilation conditions (0-3 m/s), smoke and heat can rise to the tunnel

Figure 6.7 The response behaviour of a heat detector
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ceiling within a short time, and can be detected very quickly and reliably. Fire tests show an
increasing difficulty in detecting the rise of heat when the speed of longitudinal ventilation is in
the range 6-8 m/s, due to heavy air pollution. Even with a high air speed and a small increase
in temperature of 2-3°C/min over a 50 m section of tunnel ceiling (typically 5m high), a fire-
detection system should be able to activate a fire alarm.

Because of the critical ambient conditions in tunnels, fire detection is very demanding. Exhaust
fumes from fuel-driven engines are dirty and partly corrosive, and elevated temperature and
humid conditions are present because of the special geological situations of tunnels.

A fail-safe and false-alarm-safe fire-detection system must take into account disturbing factors
such as

strong air fluctuations (ventilation)

corrosive air, heat, dirt and dust

electrical interference from electronic devices, cables and boards

temperature changes due to external conditions affecting the portal area

resistance to tunnel-washing machines

hot exhaust fumes from a truck with a high exhaust pipe held up in a traffic jam
mechanical forces from goods shed from a HGV, or a sailing boat mast touching the
tunnel ceiling.

For fire detection in tunnels, conventional point-type fire detectors are not adequate. The ambient
conditions lead these devices to become dirty very quickly, and the corresponding electronic
circuits will be rapidly destroyed by corrosion. The consequence of this would be high rates of
false alarms and faults in the detection system. Therefore, fire detectors used in tunnels must be
adapted for this specific environment.

Today, line-type heat detectors for temperature-based fire detection, and specially constructed
smoke, flame and beam detectors have been developed to be used in the aggressive tunnel
environment.

6.3. Performance requirements for fire detection systems

The different principles on which detection systems are based, and the requirement for early
warning systems for tunnel fires, give rise to the questions of what type of system engineering is
appropriate and what operational performance is required. There are, in fact, no worldwide
standards for fire-detection systems in tunnels. Many countries do equip new tunnels with fire
detection, but no further technical requirement is expressed. Quite often, only a detection
sensor is specified, which does not have to meet any standards. Usually, very little is specified
with regard to the system architecture.

6.3.1  Fire-alarm system engineering

The design and installation of fire-detection systems in tunnels requires a high level of attention
and technical competence. As the effectiveness of a fire alarm system is responsible for the very
fast alarm activation required, no element in the chain

Detection >| Alarm activation Automatic reaction
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can be neglected in the system design, installation and certified performance. An efficient fire-
alarm system should operate over several years, and be both fail-safe and false-alarm-safe.
State-of-the-art fire alarm systems are, therefore, designed according to various standards;
including EN 54 and NFPA 502. These standards require

overall autonomy of the fire-alarm system

self-monitoring of all devices (detectors, alarm activation, alarm transmission)
battery back-up for operation in the case of a power supply failure

a fault-tolerant system architecture for control, remote and repeater panels
fault-tolerant installation of the cables that collect the field data

a defined response behaviour for all detection devices

a defined automatic alarm activation and alarm transmission

product and system certification.

With the new means of detection now available, such as smoke detectors and video detection,
the situation becomes more complicated. On the one hand, detection should be as rapid as
possible, and this was the reason for integrating smoke detectors into fire-alarm systems.
However, smoke detectors, and certainly video-based systems, suffer from a certain false-alarm
rate, and thus the alarm generated by such a system should generally be given only in the
control room. On the other hand, the final alarm initiated by a rise in temperature (which is in
fact the only clear indication of a fire) should be generated automatically, and not depend on
human reliability of interpreting data. Figure 6.8 shows an example of the architecture of such
an optimised reaction system.

6.3.2 Smoke and heat control to reach full operation within 3 minutes
State-of-the-art detection systems for tunnels activate an alarm in an emergency situation
(flaming fire) and limit false-alarms caused by the difficult ambient conditions, such as
humidity, dust or corrosion, and thus guarantee fail-safe operation. Present-day fire-detection
systems are able to detect rapid increases in temperature resulting from open fires of 1 MW
(1m? open fire, ethanol) and activate an alarm within 30-60s under different ventilation
conditions (0-8 m/s wind speed).

Figure 6.8 System architecture of a state-of-the-art fire-alarm system (Copyright Securiton)
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In the event of a fire, one of the main tasks of a fire alarm system is to enable activation (perhaps
automatically) of the ventilation system (or, perhaps, extinguishing systems) in order to control
the smoke layer in the upper part of the affected tunnel segment. As a general rule, the full
operation of smoke control (open smoke extraction, and power up of the ventilation system to
maximum speed) should be achieved within 3 minutes of the onset of flaming combustion
(Swiss Confederation, 2008). Most current directives for tunnel-fire detection require the
detection of a 5 MW fire within 60s (FGSV, 2006; Swiss Confederation, 2007). The same fire
alarm can be used for other automatic actions, such as switching on the emergency lights, turning
traffic-control signals to ‘stop’ (red), activating CCTV cameras for viewing on a monitor,
triggering a deluge system, etc.

6.3.3 Other operational performance requirements
In addition to the basic system requirements, there are requirements for the operational
performance of fire-alarm systems (Table 6.1). By meeting these requirements, operators limit
the operational costs and operational problems of the system. In other words, operators should
receive a guarantee that the fire-alarm system will detect a fire within the required time and
activate an alarm, as well as eliminate false alarms and faults.

Table 6.1 Operational performance requirements

Iltem

Desirable performance requirement

Detection principle

Detection accuracy (line-type
heat-detection system)

Alarm activation/detection time
System approval

System interface to other systems

Fail-safe and false-alarm-safe
operation

Tunnel-washing machine
System life time
Operation costs

Maintenance costs

Line-type heat-detection systems, including rate-of-rise detection
combined with smoke or video detection for early fire warning
1-2°C for absolute temperature measurement

0.5°C for rate-of-rise temperature measurement

+10m of a 50 m tunnel segment

Within 60 s from the start of an open fire

EN 54-5 Class A1 (VdS, AFNOR, LPCB?)

Monitored hardware contacts (relay) to different other safety
relevant systems

Serial interface for temperature and data transmission (information
level)

Defined false alarm rate, for example, one false alarm per year and
2 km (Swiss Confederation, 2008), automatic system self-testing

Immunity to mechanical forces and water
>15 years, in order to protect the operator’s investment
Zero operation costs for the fire-detection system

Maintenance-free operation through system self-test procedures and
long operation life of materials

Nevertheless, European standards do require a system test once a
year

2 Certification bodies for fire-alarm systems: AFNOR, Association Francaise de Normalisation (France); LPCB, Loss Prevention
Certification Board (UK); VdS, Verein deutscher Sachversicherer (Germany).
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6.4. Different approaches to alerting tunnel users

In the case of a major fire breaking out, the external emergency services will likely arrive
too late to extinguish the fire immediately. Considering the worst-case scenario of a HGV in
full open fire, smoke control should be effective after a maximum of 120 seconds. Therefore,
authorities often choose the conceptual basis of ‘enable the people to help themselves’. Since
the tunnel disasters in 1999 (e.g. in the Grand St. Bernhard Tunnel between Switzerland and
Ttaly), as a preventive measure some tunnel operators in central Europe have started to
distribute information leaflets to users entering a tunnel. In other cases, the signage indicating
the route to emergency niches has been improved, so that even under the most difficult condi-
tions (intensive smoke) tunnel users are enabled, in principle, to find their way and to rescue
themselves. All these measures are described in the European Directive 2004/54/EC (2004) and
the corresponding national guidelines.

However, all these initiatives do not change the fact that tunnel users are usually informed about
an incident only when they find themselves within the incident area. Often, tunnel users are not
informed at all about an incident of any kind until the emergency services arrive. All in all,
there is no common way between different countries and cultures of alerting tunnel users to a
fire within a tunnel.

Looking at an emergency scenario from a systemic point of view, tunnel users may find themselves
inside a tunnel at a certain moment during an incident. Considering this scenario and the
unpredictable behaviour of humans in such a situation, users should be informed about the
danger facing them and how to reach a safe place (which is preferably outside the tunnel).
Prior to receiving any emergency information, users must know what possible information may
be given and what it means. In the case of a tunnel incident, users should be informed both visually
and audibly about the type of danger and its location, escape routes and what they are supposed
to do. There is a wide variety of possible means of doing this, such as: horns, sirens, bells,
loudspeakers, paging systems, mobile phones, FM radio broadcast, all-round signal lamps,
flashing lamps, indicator panels and layout-plan panels. The activation of the means of providing
information should be triggered automatically by the fire-alarm system. Manual activation is not
suitable, as such events happen rarely. The risk of an operator acting in an unsuitable way due to a
lack of experience or instruction could result in severe negative consequences. At the very least,
visual and audible fire-alarm indication devices should be installed inside the tunnel.

6.5. Currently available tunnel fire detectors

6.5.1 Line-type, digital heat-sensing cables

A line-type, digital heat-sensing cable consists of a twisted pair of electrical conductors
with temperature-sensitive insulation. When the ambient temperature reaches the temperature
rating of the cable, the thermoplastic insulation melts and short circuits the conductors
(Figure 6.9). The short circuit is electrically processed and an alarm is activated. Depending
on the application, different melting temperatures can be chosen. Temperature-sensing cables
were the first linear fire-detection systems, and they have been used for years, initially in the
UK and the USA. They were generally used for tunnel-fire detection until the late 1980s.
However, as the detection speed using these cables is rather slow, and the exact location of
the fire in the tunnel cannot be pinpointed, such systems have been superseded by more
advanced technologies. In general, systems using line-type, digital heat-sensing cables cannot
detect small car fires (or do so only at a very late stage), and they therefore do not meet
current requirements.
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Figure 6.9 A heat-rated cable

6.5.2 Line-type heat-detection cable with semiconductor temperature sensors
(multipoint system)

Semiconductor temperature sensors, or temperature-sensitive resistors, are connected to a bus
for data transmission. The bus consists of several conductors and uses special transmission
technologies (Figure 6.10). The sensors and transmission conductors are encased in a plastic
coating, protecting them from aggressive ambient and mechanical influence. Data are processed
in the central evaluation unit at both ends of the detection cable. The connection of the second
cable end to a second evaluation unit results in a high system-fault tolerance. The distance
between the sensors can vary from 1m to 20m (usually 7-10m in tunnel applications)
according to requirements, and they can have an accuracy of up to 0.5°C. The maximum
length of the cable is usually 2 km, and the sensitivity (detection speed) is independent of cable
length. These systems activate an alarm when a pre-programmed rate-of-rise in temperature
and maximum temperature are reached. Determining the exact location of the fire within the
tunnel is theoretically possible (depending on ventilation speed). These systems have been in
use since the early 1990s.

6.5.3 Line-type heat detector with fibre-optic cable

A line-type heat detector with fibre-optic cable consists of an optical fibre encased within a
metal tube (Figure 6.11). Connected to one end of the optical fibre is the evaluation unit,
which continuously sends laser light pulse signals along the fibre and receives a specific
response signal resulting from reflection inside the fibre (using the principles of time domain

Figure 6.10 Semiconductor heat sensors

Temperature

Alarm
/

Sensors

Distance

98

Copyright © ICE Publishing, all rights reserved.



Fire detection systems

Figure 6.11 A fibre-optic cable
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reflectometry and frequency domain reflectometry). A change in temperature changes the
reflection and scattering characteristics of the fibre, and thus reflected laser light detected is
changed. The maximum length of the cable is 8 km, and the speed of detection is strongly
dependent on cable length (the longer the cable the slower the detection speed). Determining
the exact location of the fire within the tunnel is possible, depending on the ventilation air
speed and the measuring point distances. This detection principle was first presented in the
early 1990s.

6.5.4 Line-type heat detector with hollow copper-tube sensor

The copper-tube sensor system was used widely in European tunnels in the 1980s and 1990s. This
fire detection system is a pneumatic system (Figure 6.12). A hollow copper tube (1), with a typical
length of 100 m, contains an hermetically enclosed atmosphere (normal air). One side of the tube
is connected to a pressure sensor (3) in the evaluation unit (2). As the tube becomes warmer, the
pressure inside the tube rises, and this can be detected by electronic means (4). When a pre-
programmed rate-of-rise of temperature or maximum temperature is reached, the system activates
an alarm. Determining the exact location of the fire in the tunnel is theoretically possible, but is
limited to the length of one stretch of tube (typically 100 m). The first pneumatic systems were
installed in Swiss tunnels in the early 1970s.

6.5.5 Visibility monitors and smoke detectors

Visibility monitors measure the smoke (particle) concentration by measurement of scattered light
or light absorption (see also Section 6.2.2). Recently, a new generation of smoke detectors, based

Figure 6.12 A copper-tube sensor and evaluation unit
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on visibility monitors, for use in tunnels has been developed. These smoke detectors use the prin-
ciple of scattered light, and have a simplified construction for the specific task of smoke detection
in a tunnel.

As can be seen in Figure 6.1, smoke detection can help to detect a fire at a very early stage, and the
reaction speed is high. However there is a risk of interference from the high air pollution from
vehicles or from fog. While the latter can be suppressed using detectors that have air-heating
systems, a false-alarm triggered by high air pollution (e.g. in the case of a traffic jam where a
truck is halted at the position of the detector) cannot be excluded. Most currently used systems
give a pre-alarm to the control room to initiate further investigation and activities. Experiments
done in the Gotthard road tunnel indicate that a smoke-detector system can be optimised by
recording and investigating the behaviour of the system under different conditions, including
fire (Griésslin, 2007). Thereby an optimised set of parameters can be established so that certain
actions trigger the system with sufficient security.

6.5.6 Video-based systems

During the last few years, analysis of video images as a means of fire detection has been widely
discussed, and several public studies have been performed (e.g. Haack et al., 2005). The idea is to
use the CCTV cameras that are already installed in the tunnel for monitoring purposes and for
detecting events such as ‘wrong way’ vehicle movement, stopped vehicles, people in the tunnel,
etc., and for fire detection. Special algorithms have been developed to detect smoke or flames.
These algorithms use, for example, contrast, variation of background, and growth of objects for
smoke detection, and brightness, colour, oscillations, or shape variations for flame detection. The
detection of such events usually works well, and the reaction speed is high. The problem is the
false alarm rate, due to interference from lights, light reflection in wet conditions, fog, etc. Even
if the rate of false alarms is reduced significantly by optimising the algorithm (e.g. one false
alarm per camera per month), this can still give several alarms a day if there are 100 cameras.

Because of this, a fire alarm raised on the basis of CCTV-image analysis needs to be confirmed
by the control room personnel, who need to look at the images from the relevant camera to
make a decision on the situation. CCTV-image analysis can certainly help to provide very early
detection, and also gives a direct view of the event, and so it may make sense as an additional
tool for early detection in, for example, tunnels with a high risk potential.

6.5.7 Flame detectors

Flame detectors measure infrared and ultraviolet radiation, and can detect a flame by identifying
specific wavelengths and intensity oscillations (see Section 6.2.2). To achieve sufficient sensitivity
and local resolution, the detectors must be installed every 20-25m in the tunnel. The reaction
speed is high. At present, this type of detector is used only in some Asian countries, such as
China or Japan.

6.5.8 Assessing state-of-the-art fire alarm systems

6.5.8.1 Definition of ‘state of the art’

In several countries, such as Germany and Switzerland, there are already very detailed specifica-
tions on how fire detection in road tunnels should be realised (FGSV, 2006; Swiss Confederation,
2007). However, in many countries there may be only a general indication that fire detection
systems should be employed (2004/54/ EC, 2004), and it is left to the owner of the tunnel to
decide on the details of a state-of-the-art system installed. The definition of ‘state of the art’ is
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very often the subject of individual interpretation by tunnel designers, although from a legal point
of view the meaning of a ‘state-of-the-art system’ is based on all relevant publications and
experience that are publicly known and accessible (Dix, 1999).

For example, consider the case where a failure of a fire detection and alarm system is evident
and has led to damage or casualties during a fire incident in a tunnel. In this case the appro-
priate legal body will undertake an investigation to determine whether all known technical
measures were taken to ensure system performance at the time when the system design was
approved. In doing so it will take into account the available expertise and knowledge, and
identify the publicly accessible knowledge on system-performance requirements available at the
time when the system was installed. If it is found that technical measures that would have
ensured system performance had been neglected, the responsible system design engineer might
be considered liable.

6.5.8.2 Assessment criteria
Bearing this in mind, the assessment criteria for state-of-the-art performance can be summarised
as follows.

m  Detection speed
— 3060 s detection time for a 1 MW, 1 m? ethanol fire with an air speed up to 3m/s and a
tunnel height of 5m
— 3060 s detection time for a 5 MW, 2 m? ethanol fire with an air speed up to 5m/s and a
tunnel height of 5m.
®m  Fire-alarm system design
— 100% system autonomy (detection, signal processing, alarm activation, direct automatic
activation)
— redundant system architecture for control, remote and repeater panels
— self-monitoring of all connected devices.
®  Operation
— product and system certification
— recognises and excludes disturbing signals (no false alarms)
— 100% system availability for fail-safe operation (one technical fault will not affect system
operation)
— a detector resistant to a corrosive, dirty and wet environment.

6.5.8.3 Assessing line-type heat detectors
This assessment is limited to line-type heat detectors, as they are the only ones used for automatic
fire detection.

Three detection technologies have been proven in the field and will be considered further here

® line-type heat detector cable with temperature sensors (multi-point)
® line-type heat detector cable with optical fibre
m line-type heat detector with pneumatic evaluation.

All these detectors are theoretically able to fulfil the required detection speed. However,
depending on the design of the installation, the detection characteristics will vary in such an
important way that detection sensitivity may be lost (detection times up to 180 s).
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The latest generation line-type heat detector cable with temperature sensors based on semi-
conductor technology (multipoint measurement) is able to fulfil the following requirements for
an installation with increased availability

m  detection cable length up to 2000 m

B 30-60s alarm activation time

m guaranteed operation in the event of cable breakage or short circuit, by means of fail-safe
functions (loop installation, separation of defect segments)

m  possible monitored integration into a fire alarm system (50 m segments)

m serial interface for temperature and data interchange to supervisory control and data
acquisition (SCADA) systems

B needs two independent evaluation units at each end of the cable for coverage of 2000 m
tunnel.

The latest generation line-type heat detector cable with a fibreglass conductor fulfils the following
requirements for an installation with increased availability

m  detection cable length up to 8000 m

m  30-180s alarm activation time (the longer the detection cable, the longer the alarm
activation time)

guaranteed operation in the event of cable breakage, by means of redundancy functions
limited possibility of monitored integration into a fire-alarm system (50 m segments)
serial interface for temperature and data interchange to SCADA systems

needs two independent evaluation units at each end of the cable for coverage of 4000 m
tunnel.

A line-type heat detector with a copper tube and pneumatic evaluation fulfils the following
requirements

detection tube length typically 100 m, maximum 130 m

3040 s alarm activation time

in the event of tube breakage, no detection within that 100 m tunnel segment
possible monitored integration into a fire alarm system (50 m segments)
serial interface for temperature and data interchange to SCADA systems
needs 20 evaluation units for coverage of 2000 m tunnel.

A detailed comparison of these systems is given in Haack ez al. (2005).

6.6. Future trends and emerging new technologies

The latest developments in fire detection for tunnel safety feature CCTV-image-processing
systems as the most important technical innovation. As part of a professional fire-alarm
system, image-processing systems enable early detection of smoke and fire. Whereas
monitoring the rate of rise of heat allows for detection of a fast flaming fire (which corresponds
to detection of emergency situations), the new fire-detection technologies including image
processing allow fast detection of dangerous and emergency situations. Integrating all relevant
fire-detection criteria, such as smoke, flame and heat, under the control of a state-of-the-art
fire-alarm system, new technologies will effectively be able to provide greater safety in
tunnels.
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Different manufacturers are currently undertaking intensive research to develop the right
algorithms for good image-processing software. Meanwhile, several test installations have been
studied (Haack et al., 2005). In addition, several installations of video-based fire detection
under commercial conditions are now in place.

6.6.1 Smoke and flame detection with video-image processing

Equipped with the latest image-processing technologies incorporated in state-of-the art fire
detection systems, tunnel operators are, in principle, able to detect dangerous situations very
early. Smoke-emitting smouldering fires can be detected automatically by the fire-detection
system, long before an open fire breaks out. Image-processing technology for smoke and fire
detection was first used in 1994 by British companies. Other systems, in Germany, use infrared
cameras equipped with special filters. These systems have proven efficiency in monitoring
outdoor open areas, but are not suitable for use in tunnels due to the presence of disturbance
factors such as moving vehicles and people, changing lights and reflexes, etc.

Video-image processing is at the core of the technology for the detection of smoke and flame in
tunnel applications. The technology is based on the existing CCTV system within a tunnel,
installed to monitor traffic flow. The video signal is captured and digitised by a grabber, and
then evaluated via algorithms to identify flame and smoke (Figures 6.13 to 6.15). The processed
image results are made available as a pre-alarm or alarm to a fire alarm system, and control
signals are sent to the CCTV system for automatic activation of the specific cameras and moni-
tors. A PC-based man—machine interface is responsible for parameter configuration, alarm
picture recording and history functions.

The false-alarm and fail-safe operation of an image-processing system are of crucial importance
for overall system efficiency, and are as important as the system’s reliable detection of smoke

Figure 6.13 Digital image-processing algorithms
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Figure 6.14 Smoke test and detection in a tunnel
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By monitoring image segments with image-processing algorithms, an alarm is activated only when
predefined threshold levels are reached. Both flame and smoke can activate an alarm, and the
system distinguishes between pre-alarm and alarm levels of both phenomena, and the alarm
thresholds are adjustable.

As yet there are no international standards for fire tests or system approval for early fire detection.
It is not clear what physical values should be applied for testing and certification: it might be

Figure 6.15 A flaming fire test within a tunnel, and fire detection
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defined as a number of cubic metres of smoke, or as a defined opacity per metre. Therefore,
CCTV-image processing can, at present, only be regarded as a complementary detection mode
to a state-of-the-art fire-alarm system that complies with international standards. Recent
published drafts of the American standard NFPA 502 mention image-processing systems as an
addition to heat-type fire detection (e.g. for use as early fire detection). Meanwhile, in Europe
similar discussions are currently at only a very early stage.

6.6.2 System architecture of fire-alarm systems with video-image processing
Image-processing systems will never be a substitute for fire-alarm systems as a whole because of
the important limitations imposed by poor visibility. Fires may be hidden and not seen by CCTV
cameras, or the cameras may have no clear view because of poor illumination, dirt, high opacity
air and fog. Therefore, events can only be detected if clearly visible. Because of the lack of
international standards at present, it is impossible to certify or achieve approval for fire-alarm
systems that are based on image processing only.

It is suggested that the fire-alarm system installed in a tunnel should consist of a line-type heat-
detection cable connected to a fire-alarm control panel in the technical operation building. The
pre-alarm, alarm and fault outputs generated by the video-image-processing control unit are
connected to the same fire-alarm control panel. Furthermore, the following inputs and outputs
should be monitored via dedicated and redundant data lines: manual call points, alarm inputs
from fire extinguishers/doors/etc., point-to-point detectors and alarm indication devices. Again
all these devices should be connected to the fire-alarm control panel. Long tunnels require several
control panels connected via a dedicated control-panel network (Figure 6.16).

Figure 6.16 Fire-alarm system architecture, with early fire detection (image processing technology)
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The CCTV system forms an autonomous system that makes duplicate video signals available to
the video-image-processing control unit. This image-processing control unit is responsible for the
early detection of fire and smoke, while the linear heat detector is responsible for monitoring the
rate of rise of heat.

6.7. Conclusions

Line-type heat detection has become established as the most reliable detection technology for
fast fire detection, and hundreds of kilometres of tunnels worldwide are equipped with this
technology. However, systems that can react on the basis of a change in the temperature gradient
must be used, as the maximum temperature of a car fire might not reach more than 50°C. Systems
of this type fulfil all the necessary requirements, including a detection speed of 60 s for a 5 MW fire
even at a high air speed of 10 m/s. Modern systems provide full redundancy of operation, even in
the event of a short circuit, and can be combined into networks for use in large or complex tunnel
systems.

In recent years, smoke detection for early fire warning by visibility monitors or video-image
processing has been introduced. It is recommended that these facilities be used in addition to
heat detection. Alarm signals produced by these detectors have to be confirmed by control
room personnel, although in some installations they automatically switch on the fire ventilation.
In the future, with more experience in their application and the definition of possible thresholds
and interference, such detectors might be used for automatic triggering of the complete fire-alarm
scenario.

Up to now, the system engineering of fire-alarm systems has not been based on proven design
criteria (e.g. system design and product standards for fire-alarm systems in buildings), and
therefore a wide variety of system architecture is to be expected. EN 54 and NFPA 502 are
proven bases for the design of professional fire-alarm systems. Even though the ambient condi-
tions in tunnels are very different from those in buildings, the specific operational performance
requirements for a tunnel fire-alarm system are the same as those for building fire alarms.

Video-image processing for fire-alarm applications is a major technical innovation, and it is
suitable for use in tunnels. However, the software currently available is still under development
(see Chapter 5 for more on detection).
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NOTE: References to commercial products in this chapter are not to be taken to imply endorsement by the
authors or editors, they only serve purposes of illustration.

7.1. Introduction

A number of incidents in the past have shown that fires can pose a serious threat to the structural
integrity of a tunnel, both during and after the fire. Fires can occur during tunnel operation (e.g.
the fires in the Channel Tunnel (UK/France) in 1996 and 2008, and the Mont Blanc Tunnel
(France/Italy) in 1999), as well as during the construction phase (e.g. the fire in the Great Belt
Tunnel (Denmark) in 1994).

Modern national and international economies rely heavily on sustainable transport systems. In
many of these systems, tunnels are key elements. Thus, continuity of tunnel operation is crucial,
and various fire-safety standards are required for tunnels. Proper assessment of safety in the case
of fire addresses all the links in the so-called ‘safety chain’: prevention, protection (passive and
active), after-care and evaluation.

®m  Prevention: adequate design and operational safety measures are adopted to avoid
incidents that lead to fire (e.g. one-way traffic avoids head-on collisions).

m  Protection: safety measures that limit fire damage and maintain structural integrity during
and after fire. These systems fall into two broad categories:
— passive fire protection (e.g. non- or less-flammable tunnel linings)
— active fire protection (e.g. sprinklers, traffic control, emergency response).

B After-care and repair: actions and measures to make the tunnel fully operational
(retrofitting and repair).

®m  Evaluation: the usefulness of the adopted safety strategy and safety measures is reassessed
in the light of lessons learned.

In this chapter, the focus is on the requirements with respect to structural integrity, which is part
of passive fire protection. The issue of structural integrity is an important one. If a tunnel is not
adequately protected:

m  There may be loss of structural integrity during a fire, which may cause severe leakage and
even collapse, possibly before evacuation is complete. This is an especially important
consideration in underwater tunnels and in tunnels in soft ground.
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B A fire may cause significant damage. This may lead to large direct repair and
retrofitting costs, as well as large indirect economic damage due to long non-operational
times, etc.

®m  The emergency service response teams may encounter dangerous situations (of unknown
risk) in which they have to work (assisting evacuation and fire-fighting).

m  Other fire-safety measures, including ventilation channels, evacuation routes (above false
ceilings in some Alpine tunnels), anchorage systems for ventilation systems, cable trays,
etc., may fail, possibly causing casualties and perhaps leading to increased severity of the
incident itself.

7.2. Types of tunnel

When classifying tunnels, distinctions are usually made on the basis of traffic type; i.e. road,
rail and mass-transit tunnels. As the fire risk in each type of tunnel is quite different, in terms
of probability as well as consequences, this distinction is also commonly adopted in fire-safety
analyses. When assessing the structural integrity of a tunnel during a fire, however, it is also
convenient to make a distinction on the basis of material use and construction method.

Most modern tunnels are constructed using one of four methods.

m  Cut and cover: the tunnel is formed by excavating an open trench. The walls and floor are
constructed, and then the ceiling is cast or placed using prefabricated elements such as
prestressed concrete beams. Finally, the ground is replaced over the tunnel. These tunnels
generally have a rectangular profile.

®  Immersed tube: the tunnel is constructed of large prefabricated tunnel segments. These are
normally assembled in a trench excavated in the sea floor or river bed. These tunnels often
have a rectangular profile, but other profiles are also used.

®m  Bored tube: the tunnel is bored through rock or other strata and lined with prefabricated
steel and/or prefabricated concrete sections inside the bore. These tunnels generally have an
oval or circular profile.

®  New Austrian Tunnel Method (NATM): this is a bored construction, but the tunnel lining
is formed using shotcrete (a rough aggregate concrete that is sprayed onto the surface of
the excavated tunnel bore) rather than prefabricated sections. These tunnels generally have
a horseshoe-shaped profile.

While there are unlined tunnels cut out of solid rock, and tunnels lined with iron or steel
sections, stone or brick, the majority of modern tunnels are constructed of concrete. Therefore
the discussion in this chapter is focused on fire protection in concrete tunnels. A discussion of
fire protection in cast-iron-lined tunnels is given in Pope and Barrow (1999).

7.3. The behaviour of concrete subject to fire

High temperatures affect the material properties of concrete in several ways. The strength, stiff-
ness, and deformation behaviour in general are influenced through a combination of chemical
and physical phenomena.

Figures 7.1 to 7.3 give indications of the temperature influence on some of the most important
structural parameters of concrete: strength, stiffness and thermal elongation. For more elaborate
descriptions and background, refer to a textbook such as the one by Purkiss (1996). As can be seen
from Figures 7.1 to 7.3, the relationships are highly non-linear. The influence of temperature on
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Figure 7.1 Typical temperature influence on the (normalised or relative) stress—strain relationship of
concrete (normal weight, siliceous aggregates)
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the strength and stiffness of concrete and structural steel is compared in Figure 7.2. See Buchanan
(2001) for more details.

Not all concrete mixes are the same, and neither is the manufacturing process used (casting,
curing) or the environment the concrete is placed in (climate, physical or chemical attack).
However, the general trend in tunnel construction appears to be towards more durable concrete,
which generally implies lower porosity and permeability, and (consequently) higher strength.
Concretes used in bored-tube tunnels tend to be high-strength, high-density, low-porosity
mixes, while those used in immersed-tube tunnels are generally of lower density and higher
porosity (Both, 1999). These differences greatly influence the behaviour of the concrete when
subjected to fire conditions.

In tunnels constructed from high-strength, low-porosity concrete mixes, the dominant failure
process is that of ‘spalling’. Under high-temperature conditions, chunks of concrete explode
away from the surface at high velocities. The exact mechanism of spalling is not yet fully under-
stood, but it is thought to be governed by (a combination of ) two processes.

B The pressure build-up within the concrete, which is in turn due to the formation of water
vapour (van der Graaf et al., 1999). In practice, porous concrete will contain a certain
amount of liquid water. This will obviously become water vapour if the temperature of the
concrete exceeds 100°C. If the build up of vapour pressure exceeds the capabilities of the
concrete pores to release the pressure, the concrete will spall.
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Figure 7.2 Comparison of the strength and stiffness of concrete and steel as a function of temperature
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®  Thermal stresses in the concrete, resulting from the restraint on thermal expansion (and
also, for example, differences in thermal expansion between aggregates in the concrete and
the matrix), and the thermal gradient over the thickness/cross-section of the concrete lining.

Secondary processes include physical and chemical processes, such as dehydration and material
phase changes. These processes also influence the material properties governing pressure build
up, the development of thermal stresses and the formation of (micro) cracks in the concrete,
and, consequently, eventually loss of strength and stiffness.

At temperatures above 400°C the calcium hydroxide in the concrete cement will dehydrate and
produce water vapour:

Ca(OH), — CaO + H,0

Not only does this process accelerate the spalling, but it also greatly decreases the strength of the
concrete (Wetzig, 2001). Other chemical processes may occur in the concrete aggregates at
elevated temperatures. For example, quartz undergoes a mineral transformation at 575°C,
which brings about an increase in volume, and limestone aggregates will decompose at tempera-
tures above 800°C (Wetzig, 2001):

CaCO; — CaO + CO,

If the porosity of the concrete is not sufficient to allow the carbon dioxide gas to escape, the pres-
sure will build up and further spalling will occur.
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Figure 7.3 The thermal expansion of concrete and steel as a function of temperature

0.02
0.015
et ittt
Ke]
[2]
c
5
o
3 0.01f
©
£
(0]
N
'_
0.005 +
—— Steel
——— Concrete
O 1 1 1 1 )
0 200 400 600 800 1000 1200

Temperature: °C

Spalling has been observed in certain types of concrete, even at temperatures below 200°C (Both
et al., 1999). Also, once the spalling process has started, it is not likely to stop until structural
failure (Both et al., 1999). At present, there is no generally applicable model to predict or simulate
explosive spalling in different compositions of concrete (Both and Molag, 1999), so experimental
testing of tunnel lining materials is essential before they are used in practice. Various research
programmes are currently being carried out to develop such a model. For example, Delft Univer-
sity of Technology and Eindhoven University of Technology (2011) are collaborating on a project
focusing on the development of a model incorporating temperature and moisture transport, as
well as mechanical behaviour. It is expected that it will take many more years before such a
model can be applied to the design of new concrete mixes and structures.

As well as having an influence on the concrete mix, high temperatures will also have an influence
on the steel reinforcements within the concrete. In general, all metals will tend to expand with
increasing temperature, and will exhibit a marked reduction in their load-bearing capacity. For
example, at 700°C the load-bearing capacity of common hot-rolled steel reinforcement will be
reduced to as little as 20% of its value at ambient temperature (see Figure 7.2). Steels with a
low carbon content are also known to show irregularity (blue brittleness) between 200°C and
300°C. As a consequence, it is usually recommended that steel reinforcement is protected from
temperatures above about 250-300°C (Wetzig, 2001).

Like most materials, concrete will also exhibit thermal expansion. This may lead to bending of the
concrete members, and possibly to collapse of the structure. This effect may be significant in, for
example, intermediate ceilings within tunnels and partitions between ventilation ducts. The
thermal expansion of steel and concrete is similar in the temperature range 0-400°C, but above
this temperature their expansion behaviours are significantly different, which will lead to
damaging stresses within the mix (Wetzig, 2001). This is shown in Figure 7.3, which gives the
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Figure 7.4 Schematic illustration of the cracking problem
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thermal expansion of concrete and steel as a function of temperature. Notice the plateaus at
around 700°C, indicating phase changes in the materials. For more information, see standard
textbooks such as those by Purkiss (1996) and Buchanan (2001).

Although the concrete used in bored tunnels generally contains steel reinforcement, this
reinforcement is largely redundant after completion of the tunnel. The reinforcement is required
to endure the pressures and stresses of construction (e.g. jack pressures), but once construction
has been completed, the tunnel lining is in compression and the reinforcement is not required
to prevent sagging, etc. (van der Graaf et al., 1999). Thus, in bored tunnels, fire-protection
measures are utilised exclusively to prevent explosive spalling.

This is not the case in immersed and cut-and-cover tunnels. These tunnels are generally
constructed out of less dense, more porous concrete mixes, and the steel reinforcement in the
mix is required to prevent shear failure in and sagging of the ceiling (Both ez al., 1999). The greater
levels of porosity and the lower strength of the concrete, combined with a construction that is not
in compression, mean that explosive spalling of the concrete is not necessarily the main failure
mechanism of these tunnels under fire conditions. Of greater concern, especially in underwater
tunnels, is the prevention of sagging in the reinforcement of the roof. If not prevented, this
would lead to leakage, and possibly collapse, of the tunnel ceiling.

Another point of concern in immersed and cut-and-cover underwater passages is the development
of cracks in hogging regions at the unexposed side. A recent study (Both ef al., 2010) has revealed
this phenomenon, which may result in durability problems of the reinforcement and premature
shear failure of the ceiling (Figure 7.4). In that study, various model scale (1:10) tests were
performed. It was shown that, under fire conditions, cracks up to several millimetres long may
be formed on the unexposed side of the concrete (Figure 7.5). These hidden cracks may pose a
serious threat to the durability and shear resistance of the structure. As a consequence of these
tests, the requirements for passive fire protection have had to be reassessed. The tests have also
been used to develop and validate computer models of structural behaviour.

Although the mechanisms of failure in bored and immersed tunnels are different, the fire-
protection requirements are the same in both types of tunnel: either to prevent or delay the
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Figure 7.5 Model-scale fire tests and simulations

build up of temperature in the concrete of the tunnel lining; or to prevent or mitigate the effects of
excessive heat flow in the lining material.

Fire-protection methods fall into two broad categories

m  passive fire protection (e.g. insulating materials restricting the flow of heat from the tunnel
tube into the concrete lining)

®m  active fire protection (e.g. water sprinkler systems removing heat from the tunnel void and
cooling the walls).

Active fire protection is considered in Chapters 8 to 11. Only passive protection is considered here.

7.4. Passive fire protection
Passive fire-protection measures generally take one of three forms

m asecondary layer of a concrete or cementitious material applied to the inner surface of the
tunnel.

m  cladding — panels of protective material, fixed to the tunnel walls and ceiling.

® addition of certain fibres, etc., to the main concrete mix, to make the concrete more
“fireproof .

These measures are illustrated in Figure 7.6.

Another means of fire protection is a variation of cladding, where the material applied is not so
much an insulator, but a shield, protecting the concrete structure from radiated heat transfer. For
example, thin, perforated metal sheets have been shown to perform well in tests (Haack, 1999).

Finally, fire protection could be achieved by simply overdimensioning the components; if the
concrete members are sufficiently large, then, although some surface spalling may take place,
the structure will be able to endure extremes of temperature for an extended period of time
(Wetzig, 2001). This is not ‘added’ fire protection, and so will not be discussed further in this
chapter.
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Figure 7.6 Types of passive fire protection (the bars within the concrete represent steel reinforcement
rods). (a) A secondary layer of insulating material applied directly to the tunnel lining; (b) A panel
cladding system. Certain types of cladding may be bolted directly to the tunnel lining, not separated by
an air gap as shown. (c) The addition of fibres to the concrete mixture

Tttt

(a) (b) ()

7.5. Requirements

At present there are no internationally accepted standards or legislation specifying the level of fire
protection to be used in tunnels (Beeston, 2002). One country that has set prescriptive standards is
The Netherlands. This is not surprising as, due to the fact that much of the country is below sea
level, the collapse of a tunnel in The Netherlands may not merely lead to the flooding of the tunnel
but possibly the flooding of the surrounding areas (Peherstorfer ez al., 2002). (Other countries also
have prescriptive standards, for example, the ZTV-RABT standard used in Germany.) In The
Netherlands, the Rijkswaterstaat (Ministry for Public Works and Water Management, hereafter
referred to as RWS) has responsibility for safety in tunnels. Their tests (Dekker, 1986; van Olst,
1998; Bjegovic et al., 2001; Breunese et al., 2008) are used to assess

m the spalling behaviour (in principle only for bored tunnels, but also for immersed tunnels
using higher grade concretes)
m the temperature development within the structure in the case of application of insulation.

When assessing the propensity for spalling in tests, the ‘pass’ criterion is simply that the structural
integrity should be sufficient to withstand the required fire design temperature—time curve.
Spalling is allowed, therefore, to the extent that it does not lead to premature failure.

The following criteria hold when testing an insulation system

m that the temperature of steel reinforcement within concrete shall not exceed 250°C (to
prevent sagging and collapse)
m that the temperature at the surface of the concrete shall not exceed 380°C (to prevent spalling).

RWS requires that these criteria are met in the event of all fire incidents up to a fuel tanker fire
(taken to be the most severe tunnel fire scenario, having very rapid growth and resulting in
very high temperatures) with a duration of up to 2 hours.

Samples of concrete linings and protection cladding or coatings are tested in laboratory
experiments to determine whether or not these, or other, requirements are met. While the RWS
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Figure 7.7 Time—temperature curves used to test tunnel-lining systems: (a) ISO 834, (b) hydrocarbon
fire, (c) RWS curve, (d) RABT and EBA curves (approximate representations)
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standard is required in The Netherlands, it is not necessarily required in other countries. A
number of different time—temperature curves are, and have been, used in laboratory experiments
to test the capabilities of fire protection systems.

The international standard time—temperature curve ISO 834-1:1999 is routinely used around the
world to test the fire-resisting properties of building components. This curve, represented in
Figure 7.7(a), is based on a ‘cellulose fire’, and is more typical of the temperature development
in a compartment fire than in a tunnel fire.

Vehicle fires have a time—temperature curve more similar to the curve for hydrocarbon fires used
to test building components for the petrochemical industry (Norwegian Petroleum Directorate
(NPD) hydrocarbon curve) (see Figure 7.7(b)). The NPD curve has a much faster rate of
growth than the ISO 834 curve, exceeding 1000°C within 15 minutes.

Fires involving fuel tankers or other dangerous goods may grow more rapidly and attain higher
temperatures than those attained in a hydrocarbon fire. The RWS time—temperature curve
exceeds 1100°C within 5 minutes and peaks at 1350°C after an hour (see Figure 7.7(c)). This
curve is based on experimental testing carried out by RWS together with TNO (The Netherlands
Organisation for Applied Scientific Research) in the early 1990s (van de Leur, 1991). The fire
curve was confirmed later in numerous research projects, including the Runehamar fire tests in
the UPTUN project (see Chapter 31).
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While several other time—temperature curves may be used to test tunnel fire-protection systems,
two others are worthy of note. In Germany, tunnel-lining protection systems are tested according
to the RABT (Richtlinien fiir die Ausstattung und den Betrieb von Strafentunneln, also known as
the ZTV tunnel curve (Zusdtzlichen Technische Vertragsbedingungen)) (German Federal Ministry
of Traffic, 1995, 1999, 2002) and the German Federal Railway Authority (Eisenbahn-Bundesamt
(EBA)) curves. These curves differ from those described above in that they feature a cooling-off
phase after 30 minutes (RABT) or 60 minutes (EBA) (see Figure 7.7(d)). The importance of a
cooling-off phase in the assessment of a sample’s resistance to heat was demonstrated during a
test of some concrete tunnel elements at the Hagerbach test gallery, Switzerland. During the
test, a concrete sample resisted temperatures of up to 1600°C for 2 hours without collapsing,
but half an hour into the cooling-off phase the sample collapsed explosively (Wetzig, 2001).

Tunnel fire-lining systems are tested according to one or more of the above time—temperature curves,
as described in the literature (Barry, 1998; Both et al., 1999; Bjegovic et al., 2001; Wetzig, 2001).

7.6. Secondary tunnel-lining systems

The simplest, and often cheapest, form of tunnel-lining system is the application of a layer of
insulating material to the interior surfaces of the primary tunnel lining. These are generally
known as ‘passive thermal barriers’, and are often of the form of vermiculite cements, which
can be sprayed on to the tunnel lining to the desired thickness. Vermiculite cements are inorganic
materials that do not burn, produce smoke or release toxic gases under high temperature
conditions. Tests (Barry, 1998) have shown that layers of vermiculite cement, 20—60 mm thick,
may suffice, depending on the tunnel structure and concrete mix, to protect a concrete lining
material to the requirements of the RWS, when tested using the RWS time-temperature curve.
Other experiments have demonstrated that this form of lining material can protect concrete
structures for up to 24 hours under extreme fire conditions (Barry, 1998). Coatings of this type
are easy to repair if damaged. Promat International Ltd is one of the leading producers of passive
thermal barriers.

Asan alternative to spray mortars, boards, generally containing calcium silicate, may be used. In this
case, board thicknesses of 20-60 mm may also suffice to protect against severe hydrocarbon fires.

Of course, fire resistance is not the only requirement of such systems, and the following other
factors must also be taken into consideration

m  frost-thaw resistance

m resistance to vibrations and air-pressure fluctuations, resulting from (air flow caused by)
traffic/rolling stock

B repair options after damage (e.g. due to collisions)

inspection possibilities (e.g. after leakages)

m influence on acoustics (e.g. when tunnel operators need to address occupants in the tunnel
using loudspeakers).

Last, but not least, the passive thermal barriers must be designed in such a way that additional
equipment (ventilators, traffic lights, etc.) can be safely suspended from ceilings and walls. It
has occasionally been observed that the anchors used in suspension systems for additional
equipment have provided a pathway for heat leakage into the concrete, resulting in unexpected
spalling (Figure 7.8).
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Figure 7.8 An example of spalling due to poorly designed equipment fixings
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Caution must be expressed in the use of such sprayed materials, however, as illustrated by the
collapse of the World Trade Centre towers in New York on 11 September 2001 after an
aeroplane impact. There is evidence that some of the sprayed insulation was blown off by the
blast, exposing the structural members to extremely high temperatures. In addition, where the
insulation was not blown off, it was sometimes found to have been of insufficient thickness to
effectively resist the ensuing fire (Quintiere et al., 2002). The application of these materials
must be done professionally.

A relatively new form of tunnel-lining material was used to protect the concrete lining of the
refuges in the Mont Blanc Tunnel during its refurbishment following the 1999 fire (Figure 7.9).
This was a ‘refractory’ ceramic cementitious material called FireBarrier. The new safety guidelines
for the Mont Blanc Tunnel require that the temperature within the refuges should remain below
60°C for 2 hours when subjected to a hydrocarbon fire, and below 60°C for 4 hours assuming an
ISO 834 fire. FireBarrier was deemed to have a better fire resistance than traditional vermiculite
cements (Beeston, 2002).

The word ‘refractory’ denotes a material that is highly resistant to heat and pressure. Refractory
ceramics are more hard wearing than traditional vermiculite cements, i.e. they are less prone to
erosion by weather and high pressure cleaning, etc. The surface of the coating is also suitable
for painting or the addition of pigment for decoration. Its high compressive strength also
makes it structurally suitable for the support of lighting fixtures, etc. (Beeston, 2002). Refractory
products need not be sprayed onto tunnel linings directly, and are sometimes applied as panelling
or cladding systems.

7.7. Tunnel cladding and panelling systems

Many tunnel systems, particularly road tunnels, have a secondary lining composed of panels.
These were originally employed for mainly cosmetic purposes, but in recent years these cladding
systems have been developed to provide structural fire protection as well.
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Figure 7.9 The refurbishment of the refuges in the Mont Blanc Tunnel (Photograph courtesy of Morgan
Thermal Ceramics)

Tunnel claddings may consist of monolithic panels of materials such as calcium silicates,
vermiculite cement, fibre cement or mineral wool, or may be composite panels with rigid outer
surfaces (e.g. steel) and an insulating core of a material such as mineral or glass wool. These
products are said to be easy to install, and have the advantage of being prefabricated rather
than having to be constructed on site. However, the disadvantage of these systems is that their
installation can be time consuming (and therefore more expensive) compared with some coating
systems (Barry, 1998).

In The Netherlands (Huijben, 1999), it is deemed necessary to clad the ceiling and upper parts of
the walls (1 m) of immersed-tube and cut-and-cover tunnels with prefabricated tunnel-lining
systems like Promatect (produced by Promat International Ltd) (Figure 7.10).

Until recently, cladding systems generally required panel thicknesses of about 70 mm
(Peherstorfer et al., 2002), but it is claimed that recent developments have enabled much
thinner panels to provide the same degree of fire protection as older, thicker panels. It has been
claimed that panels only 27 mm thick are required in immersed-tube tunnels to provide 2 hours
of protection, compared with 45 mm of sprayed fire-resistant lining in bored tunnels (Huijben,
1999).

Recent innovations have led to the development of other types of tunnel lining for fire protection.
Of particular note is the ceramic—steel panel system currently in development in Germany (Rauch,
2001). This system consists of two layers of enamel-coated steel, separated by an air gap of about
20 mm. The enamel protects the steel at high temperatures, so that the structure does not fail, even
at fire temperatures above the melting point of the steel. The air gap has an insulating effect, and
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Figure 7.10 The Promatect tunnel-lining system (Photograph courtesy of Promat International Ltd —
Tunnel Fire Safety)

allows transport of the heat along the longitudinal direction of the tunnel. In full-scale
experimental fire testing of the double-shell lining system, the temperature of the structural
wall did not exceed 200°C, even though the recorded temperature of the outer shell exceeded
650°C (Rauch, 2001). However, directly above the fire location, the structural members of
the ceiling were exposed to temperatures of over 400°C, which would not satisfy the RWS
requirements.

It is said that this tunnel-lining system does not merely slow down the transport of the heat into
the structural concrete like most conventional linings, but also allows transport of the heat away
from the concrete, by reflection (back into the tunnel void), by conduction (longitudinally,
through the steel panelling) and by convection (longitudinally, within the air gap). While this is
clearly beneficial from a structural protection point of view, it should be noted that this may
have effects on the development of the fire itself and on life safety; if more heat is radiated
back into the tunnel void, the burning of the fire may be enhanced and lead to a more severe blaze.

7.8. Concrete additives

Another method of protecting the structural concrete of a tunnel is to make the concrete itself
more fire resisting. The spalling failure mechanism is thought to occur due to a build up of
vapour pressure within the concrete. If a concrete mix is used that contains materials which
can release the pressure more effectively, the concrete will be able to withstand fire conditions
for longer before failure. Recent investigations have focused on two different (combinations
of’) additives in the mix

u  polypropylene fibres
m  steel fibres.

The aim of introducing polypropylene fibres into the concrete mix is to provide expansion
channels for the water vapour that is produced under fire conditions (Wetzig, 2001). The aim
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of including steel fibres in the mix is to increase the ductility of the concrete, and to enable the
concrete to withstand higher internal pressures without spalling (van der Graaf et al., 1999).

Results from a series of experiments testing a variety of different concrete mixes under fire
conditions (ISO 834 and RWS curves) have been presented (Shuttleworth, 2001). Two of the
main findings of the study were

m the inclusion of monofilament polypropylene fibres (1 kg/m?) in high-strength, low-porosity
concrete significantly reduces the risk of explosive spalling when exposed to severe
hydrocarbon fires (RWS curve)

m  steel fibres apparently do not contribute to the ability of concrete mixes to resist explosive
spalling when used without polypropylene fibres.

Steel fibres do increase the fracture energy of the concrete, and as such limit the risk of
propagating spalling. However, the quantities necessary to bring about this effect generally
introduce an unacceptable influence on the casting properties of the concrete. In general, using
only steel fibres to increase spalling resistance is not very popular.

The study also observed that monofilament polypropylene fibres give better fire protection
than fibrillated polypropylene fibres. The first finding above directly contradicts an earlier
study, which reported that the inclusion of polypropylene fibres did not have an influence on
the spalling behaviour of concrete (Steinert, 1997). It would appear that the proper mixing of
the fibres is key to good performance. The contradictory results could be partly attributable to
inadequate mixing of the fibres in the concrete. Another factor that may play an important,
although not governing, role is that, at the onset of micro-cracking in the concrete as a result
of the extreme heating, the fibres bridge these micro-cracks. It has been shown that such
micro-cracks may develop below 100°C, a temperature at which the fibres still have some
tensile strength properties (Breunese et al., 2006). Figure 7.11 shows the results of a detailed
simulation, using a finite-element model, of micro-crack development in heated concrete. The

Figure 7.11 Computer simulation of micro-cracks between aggregates
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model includes aggregates and cement paste, as well as the interface zone between aggregates
and paste.

7.9. Other passive fire protection systems
In addition to the three main methods of passive fire protection described above, a number of
other methods of fire protection have been described. These include

® a method of prefabricating structural tunnel-lining elements with composite layers of fire
protection built in (Bjegovic et al., 2001; Planinc et al., 2002)

m the use of fibre-reinforced composites (to protect cabling, etc., rather than structural
members) (Gibson and Dodds, 1999)

m the use of organic coatings, including: intumescent products, which foam up on heating to
form a thick insulating layer; ablative products, which use up large quantities of heat as
they erode under high-temperature conditions; and subliming products, which also absorb
heat as they vaporise (Barry, 1998).

At first glance, the use of organic coatings may seem to solve many fire-protection problems, but it
should be noted that these coatings decompose to form many organic products, some of which are
toxic, and so their use in passenger tunnels is not recommended, and needs further investigation.

7.10. Active fire protection

Active systems for fire protection are also used in tunnels. By definition, active systems need to be
switched on, either by manual or automatic means, to be effective. The two most common forms
of active fire protection used in tunnels are ventilation systems and water suppression systems.
The capabilities and effects of suppression and ventilation systems are described in detail in
Chapters 8 and 9. See also Chapters 4, 5 and 32.

7.11. Concluding comments

Fire protection is a necessity in most tunnel systems. It has a vital role in maintaining the
structural integrity of the tunnel in the event of a fire, and thus in reducing repair and refit
time and costs. It also has an influence on life safety. However, to date, fire-protection systems
have not been considered primarily as life safety devices. When selecting a fire-protection
product for use in a tunnel, care must be taken to ensure that the proposed system does not
make any concessions on life safety in order to increase the protection of the concrete lining.
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8.1. Introduction

Water sprinkler systems have been used in fire suppression and loss control in buildings and
warehouses for over 100 years. The first standard sprinkler was developed and installed in 1953
(Thomas, 1984). At the present time, automatic water sprinkler systems are widely used as
fixed fire-protection systems, sometimes called fixed fire-fighting systems (FFFSs), in both
industrial and residential buildings. The design of the sprinkler system is guided by regularly
updated codes and standards, such as NFPA 13 (NFPA, 2007a) and BS 9251 (BSI, 2005). The
latest development in the technology includes early suppression—fast response (ESFR) sprinkler
systems, which are often used in warehouses, and water-mist systems, which are now regularly
used in marine fire-protection applications and some residential and industrial applications,
and are becoming popular for tunnels.

ESFR systems are designed to suppress a fire at an early stage of its development, and thus to
minimise losses. They use an aggressive large-droplet spray and a flame-penetrating central
core of water. The protection performance of ESFR systems depends on rapid fire detection
and response, and they are designed to use fewer sprinkler heads than the normal control-
mode sprinkler systems. The concept of ‘fast response’ promoted in the ESFR literature has
since remained as one of the main features of most modern fire sprinkler systems. However,
such systems rely on rapid fire detection and accurate localisation of the fire. This is relatively
easy to ensure in situations such as warehouses, where the commodities generally remain at
fixed locations during a fire incident. However, it is much harder to achieve in vehicle tunnels,
where the objects on fire (generally vehicles) may move after fire detection, and where there are
often significant ventilation flows, which may mean that the first detector to activate during an
incident may not be the detector nearest to the incident. Thus, ESFR systems are not generally
considered for use in tunnels.

The most recent development of sprinkler technology focuses on water-mist systems. Instead of
large, fast droplets, water-mist systems employ very small water droplets. The systems were
originally developed as an alternative to gas-extinguishing systems. The term ‘water mist’ is
defined as a fine water spray in which 99% of the volume of the spray comprises water droplets
with a mean diameter of less than 1000 pm. Water-mist systems use much less water than
traditional sprinkler systems, and consequently produce considerably less water damage. Systems
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of this type have been shown to be highly efficient in suppressing certain kinds of fire in certain
environments. However, until recently, water-mist systems have not generally been used as a
substitute for conventional fire sprinkler systems, but rather as a supplementary measure in
areas where a more specialist system is required.

Although the benefits of fire sprinkler systems in buildings have been widely recognised for
many years, the acceptance of, and attitude towards, implementing sprinkler systems in tunnel
infrastructures varies around the world. For example, sprinkler systems have been routinely
used in Japanese tunnels since the 1960s, and in Australian tunnels since the early 1990s, but
have generally not been installed in European or North American tunnels until recently. (In
1999, the World Road Association (PIARC) reported that no road tunnels in Belgium,
Denmark, France, Italy, The Netherlands, the UK or the USA were equipped with water-
based sprinkler systems, while Sweden had only one and Norway had two (PIARC, 1999). One
tunnel system in the USA at that time was protected with a foam based-system.)

The tunnel environment is a confined space with complex ventilation systems, electrical systems
and limited water drainage capacity. Until recently, the main organisations making recom-
mendations for fire safety in tunnels, the World Road Association (PIARC) and the US
National Fire Protection Association (NFPA), have taken a stance against the installation of
FFFSs in tunnels for life-safety purposes. The 1999 PIARC report on fire and smoke control
in road tunnels (PTARC, 1999), which summarised previous work by PIARC, stated:

... the use of sprinklers raises a number of problems which are summarised in the following points:

B water can cause explosion in petrol and other chemical substances if not combined with appropriate
additives,

B there is a risk that the fire is extinguished but flammable gases are still produced and may cause an

explosion,

vaporised steam can hurt people,

the efficiency is low for fires inside vehicles,

the smoke layer is cooled and de-stratified, so that it will cover the whole tunnel,

maintenance can be costly,

sprinklers are difficult to handle manually,

visibility is reduced.

As a consequence, sprinklers must not be started before all people have evacuated.

Based on these facts, sprinklers cannot be considered as an equipment useful to save lives. They can only be
used to protect the tunnel once evacuation is completed. Taking into account this exclusively economic aim
(protection of property and not life safety) sprinklers are generally not considered as cost-effective and are
not recommended in usual road tunnels.

Following the catastrophic fire events of 1999 and the early 2000s (see Chapter 1), and the
experience of initiatives such as the UPTUN project (see Chapter 31), PIARC produced a further
report in 2007 on systems and equipment for fire and smoke control in road tunnels (PIARC,
2007), which acknowledged some advances in suppression systems and, in principle, permitted
the installation of sprinklers in road tunnels, with the following recommendation:

At the moment, an owner/operator who wants to install new detection and new fire-fighting measures must
properly verify that the conditions for installing, using and maintaining contribute to the overall safety and
are compatible with the framework of the entire safety concept for that specific tunnel. He must also ensure
the effectiveness of the proposed measures.
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Thus, before a suppression system can be installed, it is important that the operator can demon-
strate the effectiveness of the system and that it works in conjunction with the other components
of the overall fire-safety strategy.

In 2008, PTARC issued a report on FFFSs in road tunnels (PIARC, 2008), which is, essentially, an
elaboration of the recommendations made in 2007. The report summarises its recommendations
as follows:

In most cases, FFFS are not capable of extinguishing vehicle fires. The aims are to: slow down fire
development, reduce or completely prevent fire from spreading to other vehicles, provide for safe
evacuation, maintain tenability for fire-fighting operations, protect the tunnel structure and limit
environmental pollution.

To fulfil these purposes, the FFFS must:

B be supported by effective and rapid fire detection and location systems that are optimized to ensure
proper functioning of the FFFS, resulting in a highly reliable integrated system,

B be designed to handle air velocities in the range of 10 m/s that can result from ventilation system
operation or natural effects,

B be able to mitigate fire development and infrastructure damage by utilizing an agent with good
cooling effect,

B have an acceptable influence on visibility, especially during the self-rescue phase,

B Dbe able to reduce radiant heat.

The report acknowledges that the current understanding of fire suppression in tunnel environ-
ments is incomplete, and it goes on to state that:

It is recommended that FFFS applications in road tunnels be researched further in order to better
determine:

m  the effect on tunnel fires,

B the effect on visibility and air quality,

m  the effect on the rescue process (e.g. possible destruction of smoke stratification, deterioration of
visibility, cleaning of the smoke, improvement of fire-fighters” approach to the fire source),

B the best activation procedure (e.g. automatic; by the tunnel operator; by fire-fighters only; before,
during or after evacuation),

B possible interaction with dangerous goods (e.g. gasoline spills),

B installation and maintenance costs,

B cost savings related to minimization of infrastructure damage.

Water-based fire-suppression technologies have been the subject of fundamental research and
practical engineering development for many years. There are many publications relating to
sprinkler systems in the literature. Detailed technical information can be found elsewhere,
including comprehensive reviews (Liu and Kim, 1999; Grant et al., 2000; BRE, 2005; Williams
and Jackman, 2006) and NFPA handbooks (Cote and Linville, 2008; NFPA, 2007a,b, 2010).
This chapter does not provide a literature review of the technologies, but instead focuses on
the application of water-based fire-suppression systems in tunnel infrastructures. Although
sprinkler systems for fire protection in tunnels operate on the same basic principles as those
used in buildings and other contained spaces, tunnels involve unique problems, including ventila-
tion and traffic.

The interactions between the sprinkler and the self-rescue of tunnel users, and with the ventilation
system, have always been issues of concern for fire protection in tunnels. This chapter presents a
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review of several series of full-scale tests of fire-protection systems in tunnels identified in the
literature. The next two sections provide some basic technical information on water-based fire-
suppression systems, and the principles and dynamics involved in the interaction of water
spray with the fire plume and extant ventilation. This information is used in the sections that
follow to aid coherent discussion on the outcomes of the large-scale tests and experience gained
in implementing the systems in tunnels.

8.2. The principles of fire sprinklers
A water spray from a conventional sprinkler head can generally be divided into three regions
(Figure 8.1)

u the spray-formation region, where the water jets break into water droplets

m the vaporisation region, where the water droplets interact with flames and fire plumes,
reducing the plume temperature by evaporation

m the fire-suppression region, where the larger water droplets, having passed through the
plume, cool the fuel bed directly.

The performance of the spray is generally characterised by the atomisation cone angle, the
droplet-size distribution and the water-volume discharge rate.

8.2.1 Spray formation

Many different types of spray nozzle have been developed over the years. However, the atomising
mechanisms employed in the nozzles to produce fine water droplets can be classified into three
categories

B atomisation by mechanical means (deflection, impingement or rotary), to break the water
jet

B atomisation by pressurised jet at low, medium or high pressure

B atomisation by utilising an additional pressurised atomising fluid (e.g. air or an inert gas),
sometimes called an ‘inert gas propellant’.

Some spray nozzles may use more than one of these mechanisms in the spray-formation
process.

Figure 8.1 Regions of the spray from a fire sprinkler head.
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The process of water-jet break-up follows the mechanism suggested by Rayleigh’s instability
theory, i.e. that a column of liquid becomes unstable and breaks into droplets if its length is
greater than its circumference (Rayleigh, 1878). The column breaks down into a series of similarly
sized droplets, separated by smaller satellite droplets. Because of the irregular character of the
atomisation process, non-uniform threads are produced, and this results in a wide range of droplet
sizes.

Spray nozzles using a mechanical mechanism usually have a deflector or a rotary cup. The
discharged vertical water jets are deflected mechanically in all directions in a random fashion,
and naturally form a cone distribution. These types of nozzle produce relatively large water
droplets, and are often used in deluge systems. The disadvantage is that the droplets are generated
randomly and have low spray momentum.

Pressurised jet nozzles operate at low, medium or high pressure, and are most commonly used to
produce water sprays. The pressurised jets can produce water spray in a much more controlled
way, and generate finer droplets. Water-mist systems mainly use pressure jet technologies. The
operating pressure is split into three ranges in NFPA 750 (NFPA, 2010), and the definition of
these ranges is accepted internationally.

®m  Low-pressure water-mist system: operational pressure < 12.5 bar.
B Medium-pressure water-mist system: operational pressure 12.5-35 bar.
®  High-pressure water-mist system: operational pressure > 35 bar.

Higher pressure systems result in smaller droplet sizes.

Systems in which the water spray is produced using pressurised air or an inert gas as the atomising
medium are also known as ‘twin-fluid water-mist systems’. Both the water and the atomising-
medium lines operate in the low-pressure region of 3—12 bar. In this type of system, the air or
inert gas is the driving force that maintains the spray momentum. The water mist produced by
a twin-fluid system behaves as a gas, and has been considered as a substitute for gaseous
Halon fire-suppression systems. However, the spray momentum is relatively low compared
with the water mist generated by high-pressure systems. It is also significantly affected by
ventilation flow and, it is claimed, may not be as effective as high-pressure water mist in
extinguishing fires (Liu et al., 2001). The twin-fluids water mist is sometimes used in mobile fire
fighting devices. As an FFFS, twin-fluids water mist is used in some specialised areas such as
electrical cable tunnels.

8.2.2 Spray classification

Water-droplet distribution can be measured experimentally (Lawson et al., 1988; Widmann et al.,
2001; Wang et al., 2002). The droplet size is affected by the angle and the distance away from the
spray head. The standard practice is to measure the droplet population on a horizontal plane 1 m
away from the spray head.

One of the commonly used representative diameters for a spray as a whole is the volume median
diameter, denoted by Dvyso (Grant et al., 2000). Here, half of a volume of water is contained in
droplets greater than this diameter and half in droplets smaller than this diameter. Percentages
other than 50% may be considered and the droplet distribution defined by giving a percentage
of the droplet population smaller or greater than a particular diameter. For example, water
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Table 8.1 Water spray classifications according to droplet volume and diameter

Class 1 Class 2 Class 3
Dyg9 <200 um Dy <400 um Dy99 =400 um
D\/10< 100 um D\/10<200 um D\/10>200 um

mist is defined in NFPA 750 (NFPA, 2010) as Dygo < 1 mm, where Dvqg is the 99% volume
diameter. That is, for a given volume of water mist, 99% of its droplets (by volume) have
diameters smaller than 1000 um. Using the volume diameter, water sprays are often classified
into three categories, as shown in Table 8.1.

The performance of nozzles is often described using the parameters of spray classification,
atomising cone angle and water discharge rate. One of the most desirable benefits of a small
droplet size is the significant increase in the water surface area available for heat absorption
and water evaporation. If the droplets are treated as being uniform in size, each having the
mean diameter, the surface area of water in a 0.001 m® volume is given in Table 8.2. The surface
area increases significantly with decreasing droplet size, and therefore significantly increases the
cooling effect on gases. Smaller droplets do not necessarily have a greater cooling effect on
solid or liquid surfaces, as these are cooled by the formation of a water layer on the surface.

8.2.3 Fire-fighting modes

The trajectory of a droplet depends on its size and momentum. Large, fast droplets and fine
droplets interact with the fire plume in very different ways and result in very different trajectory
patterns. Given this, systems tend to be used in different fire-fighting modes, depending on the size
and momentum of the droplets that they produce.

8.2.3.1 Large, fast droplets

Generally, large (fast) droplets have a short residence time in the fire-plume zone. Large droplets
have a relatively small surface area per unit mass, and therefore the heat-transfer rate is generally
not significant enough to vaporise the droplet. During the interaction with the fire plume, large
droplets may break into smaller droplets, but the high momentum is generally sustained and
the droplets reach the fire seat and wet the hot burning fuel surfaces (and the surrounding
unburned fuel). The direct contact with the fire surfaces and fuel bed leads to direct suppression
of the fire. In some circumstances, the vapour formed as the water evaporates may form a layer
near the fire surface, and droplets arriving later may have to penetrate this vapour layer, which
may influence the cooling effect at the fuel surface. Conventional sprinkler systems produce

Table 8.2 Water surface area per 0.001 m? of water for different droplet sizes

Droplet size: mm

6 1 0.1
Total number of droplets 8.8x 103 1.9 108 1.9%x10°
Total surface area: m? 1 6 60

132

Copyright © ICE Publishing, all rights reserved.



Water-based fire-suppression systems for tunnels

large droplets. This fire-fighting mode, where the target is the fuel bed itself, is commonly called
the ‘fire-suppression mode’.

8.2.3.2 Fine droplets

The trajectories of fine droplets, such as those in a water mist, are heavily dependent on the
interaction of the droplets with ventilation flows, flames and fire plumes. When it interacts with
the fire plume, water mist can be considered as behaving like a gas. The small droplets in water
mist have a relatively much larger surface area per unit mass. This leads to a greater heat-transfer
rate and, therefore, to a high evaporation rate. Evaporating water provides effective cooling in the
fire-plume region. Water-mist sprays have relatively low momentum compared with fast, large
droplet sprays. Most of the droplets in water mist are likely to evaporate in the fire plume
region, and therefore very little water is expected to reach the fuel bed.

One of the well-known advantages of water-mist systems is that they produce considerably less
water damage than traditional sprinkler systems, because they use less water. However, a short-
coming is that water mist has a very limited effect on the fuel bed, and therefore cannot extinguish
deep-seated fires. With water-mist systems the fire-fighting strategy is to generate a sufficient
volume of mist to cool the plume and flame envelope. This cooling, by evaporating water,
should bring the plume temperature down to a sufficient level to extinguish the flames. Thus,
fine droplets operate in ‘flame-extinguishing mode’.

8.3. The dynamics of fire suppression by water sprays
Fire suppression using water sprays operates on three principles: cooling of the fire plume by the
evaporating water droplets; cooling of the fire surfaces and the fuel bed by the droplets that
penetrate the fire plume; and cooling of the environment around the flame.

The following mechanisms are identified as being responsible for the extinguishing of flames by
water sprays

heat extraction (cooling of the fire plume; wetting/cooling of the fuel surface)
displacement (displacement of oxygen; dilution of the fuel vapour)

radiation attenuation

kinetic effects and other factors.

8.3.1 Heat extraction

Water is a highly effective fire-protection agent. The average specific heat of water before
reaching boiling point is 4.2 kJ/kg K, and its latent heat of vaporisation at atmospheric pressure
is 2458 kJ /kg. Evaporating water can absorb a significant quantity of heat from flames and fuels.
The cooling effect of water sprays has been considered as one of the most dominant fire-
suppression mechanisms. The thermal and dynamic interaction of the water spray and the fire
plume provide a cooling effect on the fire plume, both by the evaporation of the water droplets
and by convective cooling (inducing a flow of cool air into the plume). The cooling effect is
influenced by the spray pattern, water-droplet size and water discharge rate. A numerical study
has suggested that a finer water spray produces a higher water evaporation rate and higher
entrained air velocity, which in turn will deliver more cool air to the fire plume and hence provide
more effective fire suppression (Hua et al., 2002). The finer spray effectively cools the fire plume
and reduces the buoyancy effect of the fire plume. Consequently, a fine water spray is able to
penetrate and suppress the fire plume more effectively than a less fine spray. However, if the

133

Copyright © ICE Publishing, all rights reserved.



Water-based fire-suppression systems for tunnels

droplets are too small, the spray may not possess the momentum required to penetrate the flame,
and fire-fighting efficiency may be compromised.

8.3.2 Displacement

The rapid volume expansion of evaporating water reduces the oxygen concentration in the fire-plume
area. The specific volume of water at standard atmospheric pressure and 20°C is 0.001 m*/kg, and
the specific volume of steam at the boiling point of water is 1.694 m®/kg. Assuming that the ideal
gas law can be applied, the specific volume could reach 4.87 m?/kg at a typical plume temperature
of 800°C. Therefore, the volume of the water has the potential to expand 1700 times during the
evaporation process, and by 5000 times if its temperature reaches that of the plume when inter-
acting with the fire plumes. The expansion of the water volume displaces the oxygen locally, and
also leads to a local dilution of fuel vapour. To extinguish a flame, the aim is to bring the fuel/
air ratio below its lower flammability limit. For ordinary hydrocarbon fuels, a flame would not
be sustained when the oxygen level is below 15% (Drysdale, 1985).

8.3.3 Radiation attenuation

The attenuation of thermal radiation by water is attributed to two mechanisms. Firstly, the
water spray can act as a radiation shield, inhibiting the spread of fire from one burning object
to another. The transmission of thermal radiation is reduced by absorption and scattering of
radiation by the droplets in the spray. In addition, thermal radiation can also be attenuated in
the gaseous phase. The high water vapour concentration within the gaseous species reduces the
emission and transmission of radiation in the gaseous species of the flames and combustion
products (Baillis and Sacadura, 2000; Sacadura, 2005). Various studies have been carried out
on radiation absorption by water droplets and the spectral attenuation factors of water sprays
(Ravigururajan and Beltram, 1989; Tseng and Viskanta, 2007). The radiation attenuation
factor is influenced by droplet diameter and number density. Experimental tests have shown
that the thermal shielding provided by a water spray around a storage tank fire, with a typical
water mass flow rate per curtain-metre of 2kg/m? gives an attenuation factor of 50-75%
(Buchlin, 2005), and a water-spray curtain impinging on the wall could lead to higher shielding
performance. Attenuation values as high as 90% can be achieved with the falling water film
continuously refreshed by the spray. Water mist can act as an effective radiation shield to
impede radiated energy transfer from hot surfaces. The attenuation of the thermal radiation
depends weakly on the droplet size, but more strongly on the water load (water/air mass ratio).
Yang et al. (2004) examined that the penetration depth of radiant energy emitted from 1300—
2100 K black-body sources into a uniform water mist, with water loads of >10% (by mass),
and found that the radiation was reduced to 20% of its initial intensity over a path of
approximately 3 m.

8.3.4 Kinetic effects and other factors

The kinetic effects of water spray are mainly secondary effects, such as the results of water-spray-
induced turbulence, the drop in flame temperature and the direct interaction of the spray with fuel
surfaces.

The rates of chemical reactions are normally influenced by turbulence intensity and flame
temperature. Some experimental studies of the interaction between water spray and flames
have shown that the entrainment of water droplets increases the intensity of the turbulence and
enhances the combustion rate (van Wingerden, 2000). The effect is normally strongly influenced
by the size of the droplets and the water discharge rate. Water-spray-induced turbulence could
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enhance the reaction rate in fast combustion flames, such as turbulent premixed flames and gas
explosions. However, it is rare that water-droplet-induced turbulence would have any noticeable
effect on diffusion flames, such as fire plumes.

Itis also possible that the application of a water spray could momentarily increase the fire size of a
liquid pool fire (Kim and Ryou, 2004, 2008; Liu et al., 2006). The rate of heat release from a liquid
pool fire is strongly associated with the combustion process in the gaseous phase immediately
above the liquid surface. The momentary fire flare-up effect in a pool fire is attributed to the
enlarged flame surface caused by the impingement of a water spray on the surface and the
resulting increase in the mixing area between the oxidant and the fuel.

Water impingement on liquid or solid burning surfaces has various effects on the chemical
reactions and reaction rates in the flames. In some instances, the boiling of water droplets can
enhance the evaporation of a liquid fuel or the rate of release of volatile matter from solid
fuels. Experimental tests have been carried out to investigate the effect of water mist on the
burning of solid materials such as poly(vinyl) chloride (PVC) (Zhang et al., 2007), various plastics
(Chow et al., 2005) and poly(methyl methacrylate) (PMMA) (Jiang et al., 2004). However, the risk
of these effects is not deemed to be significant if the water spray is applied at an early stage with a
sufficient water discharge rate.

Water vapour may also directly influence the kinetics of chemical reactions. The chemical reactions
of hydrocarbons involve a series of reaction mechanisms, including initiation, propagation and
termination. Free radicals such as H" and OH" play an important role in the breakdown of heavy
hydrocarbon molecules to lighter molecules. The presence of water vapour could directly influence
the production of free radicals, and therefore influence the reaction rate in the flames, and the
production of carbon dioxide, carbon monoxide and soot. Water spray can also bring some
other effects and benefits, such as the dispersion of unignited fuel.

8.4. The principle of water-based fire protection for tunnels

Many publications on tunnels use the terms ‘deluge’ and ‘sprinkler’ interchangeably, while others
distinguish between ‘sprinkler nozzles’ (spray heads that are actuated by the failure of a fused link,
for example, a glass bulb, at a critical temperature) and ‘deluge nozzles’ (open spray heads that are
activated by the supply of water to the nozzle). In the discussion that follows, the term ‘sprinkler’
is used to denote suppression systems that have relatively large water droplets, irrespective of the
nozzle type, while ‘water mist’ is used to denote systems with smaller droplets. The terms ‘deluge’
and ‘temperature-actuated nozzle’ will be used to distinguish between nozzle types.

Both conventional sprinkler and water-mist systems are currently used for fire protection in
tunnels. Some important parameters relating to the tunnel structure, facilities and rescue
strategies should be considered in the design of FFFSs for use in tunnels. These parameters
include

tunnel geometry and cross-sectional area

traffic flow (unidirectional or bidirectional)

potential fire size expected if unsuppressed (e.g. are ‘dangerous goods’ permitted)
escape-route provisions

ventilation system type (natural, transverse, semi-transverse, longitudinal or hybrid)
surveillance methods within the tunnel and other fire-detection methods used.
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Possible accident scenarios form the basis of a fire strategy, and thus also are the basis of the
design specification of tunnel safety systems, including FFFSs. The accident scenarios are
strongly influenced by traffic flow. For the case of unidirectional traffic and longitudinal venti-
lation, the considered fire scenarios commonly assume that all traffic in front of the incident
will be able to exit the tunnel freely, while a queue of traffic might build up behind the incident.
Thus, part of the fire-safety strategy might be to blow all smoke away from the queuing
traffic. In the case of bidirectional traffic and transverse ventilation, stationary traffic could
build up on both sides of the fire, and the fire development could threaten vehicles in both
directions. Considerations such as these must be taken into account when defining sprinkler
zones inside a tunnel.

The zone method has commonly been used as the principle for the design of a water-based fire-
protection system for use in a tunnel. The tunnel is divided into zones, and independent
controlling systems are installed in each zone. Some systems may also have an independent
water supply for each zone. Both the conventional sprinkler systems used in Japan and the
water-mist systems used in Europe operate on this principle. A key part of the design is to dimen-
sion the zones appropriately, and determine the number of zones to be activated simultaneously in
each considered fire scenario. It is common for two or three adjacent zones to be activated simul-
taneously to give sufficient coverage. Zone size is calculated according to the maximum vehicle
length allowed, the expected fire load, the accuracy of the fire-detection system and the safety
margins associated with each of these parameters. Zone lengths typically vary between about
24 and 50 m, and the whole coverage length typically varies between 50 and 100 m.

The determination of which sprinkler zones should be activated is dependent on the fire-detection
system in the tunnel. The fire-detection sensors should be distributed frequently enough to locate
the fire seat with an acceptable accuracy. Figure 8.2 illustrates an example of the selection of
sprinkler zones in a unidirectional tunnel with a longitudinal ventilation system. It is based on
the practice in Japan (Stroeks, 2001). Here, the zone length is 50 m and the detection sensors
are located at 25 m intervals. In this example, fire alarms are triggered in zones 3, 4 and 5. The
system decides the fire is likely to be in zone 3, and the sprinkler heads in zones 3 and 4 are
opened to prevent fire spread. It is important that the management of the sprinkler system is
integrated with the tunnel operation.

It is currently common practice that sprinkler systems in tunnels are not activated before
the tunnel operator has assessed the situation brought to his attention by alarms. While, the
activation of the controlling valves to the sprinkler zones (priming of the system) is frequently

Figure 8.2 Example of zones for a sprinkler system and fire detection in a unidirectional tunnel. The
alarm is triggered by the sensors in zones 3, 4 and 5. The system decides the fire is likely to be in zone 3,
and sprinklers are activated in zones 3 and 4 to prevent fire spread

Traffic direction Ventilation direction

Sprinklerzones| 1 | 2 |{§}|{§}| 5 | 6 | 7|
Firedetecton [ 1 | 2 [ §3% | §43 | §55 [ 6 | 7 |
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done automatically, the system is not fully automatic and the water sprays are not activated until
the tunnel operator verifies the situation and confirms the location of the fire, using CCTV or
other independent monitoring systems. For example, many systems use dry pipes from the
sprinkler head to the main water supply, and it is common practice that the caps or valves on
the sprinklers heads in the activated zones are opened as soon as the detection system determines
a fire. Thus, the activation zones are selected and the sprinkler system is ready for water discharge,
but the final authorisation to open the valves and allow water discharge is controlled manually by
the tunnel operator.

This delay in sprinkler activation can minimise false alarms in the fire-detection system and
prevent unnecessary activation of the sprinkler systems. It has also been claimed that the delay
is necessary to allow the self-rescue of the tunnel users before the sprinkler system is activated,
although this remains a contentious issue. Some of the main concerns in the ongoing debate
over sprinklers during the self-rescue phase include the reduction in visibility and destratification
of the smoke layer during sprinkler operation. One opinion is that the water discharge should be
delayed until all tunnel users have moved out of the sprinkler zones to be activated. However, the
duration of the self-rescue phase is determined by factors such as the proximity of escape routes
and human behaviour. The danger is that the effectiveness of the fire-suppression system could be
compromised by a delay in sprinkler activation.

Another issue concerning the application of sprinkler systems in tunnels is the interaction of the
water sprays with the tunnel ventilation systems. This will be discussed below.

In the following section, the results of some large-scale tests on sprinkler and water-mist systems
in tunnels are discussed, with particular reference to the following aspects

effectiveness in reducing the rate of heat release

effectiveness on different types of fuel package

assessment of fire spread

interaction with the ventilation

effect of delay of activation of the water discharge

effect on the tunnel users’ self-rescue (visibility, smoke stratification layer, air quality and
flow temperature).

8.5. Large-scale trials

A number of large-scale tests and test series on the effects of FFFSs on fires in tunnels have been
carried out. This section examines nine series of tests that are reasonably well documented and are
available in the public domain. These test series are summarised in Table 8.3.

Two of the series are tests carried out in Japanese tunnels (Stroeks, 2001), using a low-pressure
sprinkler system installed at the top of the tunnel wall on one side of the roadway. One other
series were carried out using a conventional, ceiling-mounted sprinkler system in the second
Benelux Tunnel in The Netherlands (DGPWWM, 2002).

The rest of the tests were carried out using ceiling-mounted water-mist systems. Some of these
tests formed part of the UPTUN project (see Chapter 31) and the SOLIT project (Starke,
2010), while others were carried out for specific instillations including the A86 near Paris
(Guigas et al., 2005) and the M30 Madrid ring road (Tuomisaari, 2008).
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In the discussion that follows, tests with sprinkler systems are discussed separately from the tests
with water-mist systems.

8.5.1  Sprinkler systems

In Japan, it is recommended that all tunnels longer than 1000 m have a sprinkler system. Some
tunnels between 300 and 1000 m long are also recommended to have sprinkler systems, depending
on the traffic volume and bidirectional traffic flow. In Japan, guidelines on sprinkler systems are
issued by two regulatory bodies: the Ministry of Land Infrastructure and Transport and the Japan
Highway Public Corporation. Their main requirements are

the total operation length should be at least 50 m

the standard water-supply rate is 6 I/min per m?>

the water-discharge time should be at least 40 minutes

the sprinkler-control method should be chosen taking into consideration the tunnel length
and structure, and the ventilation system.

For tunnels with a horseshoe-shaped cross-section, a single row of sprinkler heads is installed
along the top of one wall at about 6 m height. This single row and corner installation method
is also used in tunnels with a rectangular cross-section. Ceiling installation is sometimes used
in rectangular tunnels in cases when the corner installation would not be efficient (e.g. if
there are three lanes of traffic). Side installation is preferred as it facilitates easy inspection and
maintenance. The location and type of nozzles are determined based on the tunnel layout
(ventilation duct ceiling, lay-bys, jet fans).

8.5.1.1 Futatsugoya Tunnel on the old Kuriko National Expressway, 1969

A series of tests was carried out in this 384 m long tunnel, involving three light vans and three sizes
of fuel pool (2, 4 and 6 m?), with 50-300 litres of petrol (Stroeks, 2001). Jet fans were temporarily
installed in the tunnel, and the tests were carried out with natural ventilation and forced ventila-
tion at 3 m/s. Tests were carried out with and without sprinklers, which were temporarily installed
at 4m intervals along a length of 36 m, of which 12 m was upstream of the fire location. Water
pressure was 2.9 bar (3 kg/cm?) and the water discharge rate was 95 I/min.

The main results regarding the performance of the sprinkler system were as follows.

®m  There was a rapid reduction in temperature at all measured locations. No zones of very
high temperature were measured after system activation.

m  Vertical extension of the flames was hindered by the sprinkler action, and the flames tended
to elongate in the horizontal direction.

m  The sprinklers extinguished open fires, but were unable to extinguish fires inside or under
vehicles.

m  Sprinklers reduced the size of petrol fuel fires, but did not manage to extinguish them.

8.5.1.2 The New Tomei Expressway, March 2001

The New Tomei Expressway tunnel is three lanes wide. However, the sprinkler system was
installed in only one corner, contrary to common Japanese practice for three-lane tunnels. This
had been fitted with custom-built nozzles to generate a uniform spray across all three lanes.
The spray zone was 36 m long, and fire detectors were installed at 12 m intervals. The road was
8 m wide, resulting in a spray surface of 288 m>. Fire tests were carried out with fuel pans and
passenger cars (Stroeks, 2001).
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Table 8.4 The performance of sprinkler heads under different pressures and at different installation
heights in the New Tomei Expressway tunnel

Water Spray Spray Installation  Spray Water-droplet Spray
pressure: bar  volume: I/min  angle: °  height: m diameter: m  diameter: mm velocity: m/s

1.9 14.7 90 0.5 0.9 11.3
1.0 1.6 0.8-1.5 10.1
1.5 2.1

2.9 18.0 90 0.5 0.9 13.9
1.0 1.6 0.5-1.0 12.1
1.5 2.1

3.9 20.8 90 0.5 0.9 15.5
1.0 1.6 0.3-0.7
1.5 2.0

The main results were as follows:

m The sprinkler system was able to suppress the 23 MW fire produced by a 9 m? fire pan.
® In a test with multiple cars and a ventilation velocity of 5m/s, the fire damage was confined
to three passenger cars, one on each side of the burning vehicle.

The visibility during operation of the Japanese tunnel sprinkler systems is reported to be about
10 m. The droplet-size distribution and water flow rates under different pressures (2-4 bar) are
shown in Table 8.4. The droplets were mainly in class 3 (see Table 8.1), and provided good
coverage and uniformity in cross-sections.

8.5.1.3 The second Benelux tunnel near Rotterdam, 2002

A series of tests was carried out in the newly built second Benelux tunnel near Rotterdam
(DGPWWM, 2002). The tunnel is an immersed-tube tunnel consisting of three tubes for traffic,
one tube for pedestrians and cyclists, and two tubes for the Rotterdam metro. The tests were
carried out in one of the traffic tubes, which has a rectangular cross-section and is 5m high
and about 10 m wide. The tunnel length is about 900 m, and the test site was located 265 m
from the exit portal. The tunnel is unidirectional and is equipped with longitudinal ventilation
and escape doors every 100m. A section of the tunnel was protected for the tests, and the
tunnel was refurbished afterwards, before reopening the tunnel to traffic. Four tests with
sprinklers were carried out with heat-release rates ranging from about 15 to 35 MW. In one
test the fire load was a transit van loaded with wooden pallets, in two tests it was wooden pallets
under an aluminium covering (taken to represent a HGV trailer), and in the final test it was uncov-
ered wooden pallets. Two sprinkler sections were temporarily fitted, one above the zone of the seat
of the fire (17.5 m long) and one above an adjacent zone (20 m long) downstream. Three rows of
traditional sprinkler heads arranged at 2.5 m intervals were fitted on the ceiling. The spray density
on the floor was designed as 12.51/m? per minute (i.e. mm/min). In three of the four tests, the acti-
vation of the deluge system was significantly delayed (10, 14 and 22 minutes) after ignition of the
fuel. Each of these tests was designed to investigate the effect of the deluge system on the vehicles
and the environment around the fire, and not to investigate the suppression effect of the deluge.
Different ventilation conditions were used in each of the four tests.
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The cooling effects of the deluge system were clearly demonstrated in these tests. The fire-
suppression effects were not discussed in the report. It was observed that the enclosed fires
were not extinguished by the deluge systems. The tests also made observations on visibility and
smoke layer destratification.

8.5.2 Water-mist systems

Over the past decade a number of tunnel fire test series have been carried out to investigate the
capabilities of water-mist systems in suppressing tunnel fires. Many of these tests have been
carried out confidentially by private companies, with only a small percentage of the test data
being presented in the public domain, primarily as marketing material. Thus it is to be expected
that the publicly released data will generally present the success stories and may mask those
occasions when water-mist systems were not able to suppress fires.

8.5.2.1 IF Assurance tunnel, Norway, 2002/2004

The IF Assurance tunnel, near Hobel, south of Oslo, is primarily a training tunnel used for
training of fire-fighters and similar activities. It is of conventional shape, 100 m long, 8 m wide
and 6 m high at the apex. It has a cross-sectional area of about 40 m”. The tests carried out
are not described in detail in the public literature. They involved three different types of fire: (i)
uncovered liquid pool fires, (ii) partially covered liquid pool fires, and (iii) partially covered
wooden pallet fires. Nineteen fire tests were carried out with a low-pressure water-mist system,
and 56 fire tests with a high-pressure water-mist system. Eight tests were carried out with no
suppression. Airflow speeds of up to 3 m/s were used in the tests (Kratzmeir, 2006).

In general, the water-mist systems had a better suppressing effect on pool fires than on pallet
loads. For the pallet-load fires, it is claimed that the low-pressure water mist reduced the
heat-release rate by 40%, while the high-pressure water mist performed better, reducing the
heat-release rate by 50-80%.

The principal observations from this study appear to be that water mists are not very efficient at
extinguishing small fires (i.e. less than 5 MW) but are able to suppress larger fires down to lower
burning rates. It was reported that visibility was drastically reduced (down to less than 1 m) in the
early stages of activation, but was better after a few minutes. Downstream temperatures were
greatly reduced by the activation of the water-mist systems.

8.5.2.2 Virgil/Virgolo tunnel of the Brenner motorway, ltaly, 2005

The tunnel is an operational two-lane tunnel on the Brenner motorway in northern Italy. The
tunnel is of standard shape, has an internal diameter of 5m, is 6.5m high at its apex and is
860 m long. Three full-scale fire tests were carried out in the tunnel in February 2005 as part of
the UPTUN project (UPTUN, 2005). The tests were designed to investigate multiple research
topics and technologies. Only Test 2 was designed to test the suppression capabilities of a
water-mist system.

The tunnel was fitted with 28 thermocouples distributed from 90 m upstream of the fire to 90 m
downstream. All the thermocouples were mounted near to the tunnel walls or ceiling. The tempera-
ture within the concrete was measured. Gas properties were analysed using a single CO gas analyser,
mounted on the tunnel wall 40 m downstream of the fire location. Two anemometers were used to
record the airflow. The water-mist system was installed by Fogtec/Semco across a 30 m section of
tunnel, straddling the fire location. The working pressure of the water-mist system was 80-120 bar.
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In Test 2 (nominally 20 MW), the fire load was four 1.5 x 1.0 m fuel pools, each containing 70 litres
of diesel fuel. The fire was allowed to burn with no suppression for 3 minutes, and then the water-
mist system was activated. This resulted in an immediate reduction in the gas temperature above
the fire location from about 180°C to below 50°C. However, within a further 3 minutes the gas
temperature had increased to over 200°C. The water-mist system was active for 5 minutes,
after which time it was switched off and the fire burned itself out within another 5 minutes.
The airflow in the tunnel was forced using jet fans and remained at about 2-2.3 m/s throughout
the test.

From the details presented in the report it is not apparent that the water-mist system had any
significant influence on suppressing the fire itself. It appears to have only had a transient beneficial
effect on the temperature distribution in the tunnel, and this coincided with an increase in carbon
monoxide levels within the tunnel. Throughout the test, the temperatures within the concrete did
not reach 100°C, so the capabilities of the water-mist system as a structural protection system were
demonstrated.

8.5.2.3 VSH Hagerbach, Switzerland, 2005

The Hagerbach facility in Switzerland consists of a number of tunnels, galleries and caverns of
varying shape and size cut into rock. For the tests carried out in 2005, a 150 m length of one of
the galleries was fitted with a false ceiling and a smooth concrete floor, to reproduce the geometry
of the car-only section of the A86 ring road tunnel, near Paris (2.55 m high). The rough rock walls
of the tunnel were excavated and smoothed to give the same approximate width as the A86 tunnel
(9.3 m). The tunnel was fitted with a large number of sensors, primarily for airflow measurement
upstream of the fire zone, temperature and heat flux within the fire zone, and opacity and gas
analysis downstream. The heat-release rate was calculated by enthalpy flow and from the gas
concentration (Tuomisaari, 2008).

Nineteen fire tests were carried out (Guigas et al., 2005), ten of them with Marioff’s HI-FOG
system (Marioff and HI-FOG are registered trademarks of Marioff Corporation Oy)
(Tuomisaari, 2008). HI-FOG water mist is generated by a high pressure of up to 140 bar if the
system is powered by a constant-pressure electric or diesel pump, or up to 200 bar if powered
by a pressurised gas cylinder. Most of the droplet sizes were below 200 pm. The fuel loads used
in the tests were various configurations of cars, with a range of water-mist activation times
used. A full description of the test configurations is not in the public domain.

For most tests, the simulated fire scenario was a collision of two or more cars, which resulted in
either a fire in a single vehicle, or a fire involving several vehicles in either a two-lane or three-lane
arrangement. Other cars were positioned around the simulated crashed vehicles. The fire in each
case was started in the engine compartment of one of the cars. Real cars in working condition were
used, and had warm engines and fuel tanks partially filled with petrol. The water-mist system was
generally activated early in the test. During all the tests, the tunnel wind speed was 6 m/s before
ignition, and then reduced to 3 m/s. In most instances the water-mist system appears to have had a
positive influence on the tenability in the tunnel, and prevented the fire from spreading between
vehicles.

Test C is summarised in one paper (Guigas et al., 2005). In this test, three cars were arranged in a
collision configuration, and the engine compartment of one of the cars was set on fire. Various
other cars were positioned close to the incident cars. The water mist was operated early, and
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no fire spread to the adjoining vehicles (i.e. those supposedly involved in the collision) was
observed. At 22 minutes after ignition, the water mist system was switched off. This was followed
almost immediately by the fire spreading to both the adjoining vehicles, and the combined heat-
release rate of the vehicle fires grew sharply from about 2 MW to over 15 MW within 4 minutes.
The water mist was switched on again and, after briefly peaking at about 21 MW, the heat-release
rate dropped to about 12 MW. However, while the water mist was active, the fire was observed to
spread to two of the adjacent (but non-incident) vehicles, causing the total heat-release rate to
grow to over 15MW once again. The water mist was maintained, and the fires eventually
burned out.

8.5.2.4 San Pedro de Anes test tunnel, Spain, 2005-2006

The San Pedro de Anes test tunnel in northern Spain was used for a series of tests in the SOLIT
project, and also for various tests done for the Madrid M30 ring road tunnel project. The tunnel
itself is 600 m long, 9.5 m wide and 8.12 m high. A false, flat ceiling can be installed at a height of
5.17 m above the roadway if required.

According to the website of Tunnel Safety Testing SA (the company that runs the tunnel), Marioff
carried out ‘more than 35’ full-scale fire tests in the facility between December 2005 and February
2006, and FOGTEC carried out a ‘large testing campaign’ from March to May 2006. The
FOGTEC tests were part of the SOLIT project (Starke, 2010).

Marioff tests

Full details of the tests carried out by Marioff are not in the public domain, and are likely to
remain confidential. What little public information there is on these tests comes from Marioff
themselves and their collaborators, and is therefore unlikely to report any negative findings
from the tests, if there were any.

Marioff report carrying out ‘about 40 tests in total’, with the fuel load in most of the tests being
constructed of stacks of wooden pallets. In some tests, some plastic pallets were included also.
Marioff estimate the total potential heat-release rate of these fire loads to be over 75 MW for
the arrangements of wooden pallet stacks, and over 95 MW for the wooden and plastic pallet
stacks. In some tests a (non-fire-retardant) polypropylene tarpaulin was used to cover the load.
The ventilation for these tests was longitudinal, and was between 2 and 3 m/s (Tuomisaari, 2008).

In the majority of tests, the fires were allowed to grow to between 15 and 20 MW before the water-
mist system was activated. The water mist was then active for half an hour before it was switched
off and the fire service entered the fire zone to extinguish the fire. The published paper only details
two of the tests, one with an uncovered fuel load of wooden pallets, suppressed with a ‘hybrid’
water-mist system, and one with a mixed load covered with a tarpaulin, with a ‘zoned’ water-
mist system.

TEST WITH UNCOVERED WOODEN PALLETS

In this test, the water-mist system was activated at 5 minutes 40 seconds after ignition, at which
time the heat-release rate was about 20 MW. In the ‘hybrid’ water-mist system used in this test,
half the sprinkler heads produced mist immediately on system activation, and the other half
were only activated if a certain (unspecified) temperature was reached at the sprinkler head.
This configuration meant that all the unburned fuel at the time of activation was soaked with
water. The water mist halted the growth of the fire, holding it at about 20 MW for about
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20 minutes, after which time the heat-release rate began to slowly diminish. The fire did not spread
to a target object, Sm downwind of the fire location. It would appear that, in this instance, the
water mist halted the fire growth, but did not reduce the fire size in any way (there was no reduc-
tion in the heat-release rate for 20 minutes, and there was even a slight increase in the heat-release
rate after about 10 minutes).

Another paper (Mawhinney and Trelles, 2008) refers to a different test with a similar fuel load but
only a ‘minimal application of water mist’. In this test, the fire grew to a peak heat-release rate of
over 55 MW.

TEST WITH A COVERED, MIXED LOAD

The water-mist system in this test used purely temperature-activated nozzles. The first nozzle
activated after 2 minutes, when the heat-release rate was a little below 10 MW. Within the next
4 minutes the fire grew to over 30 MW, and another five nozzles were activated. A further ten
nozzles activated shortly after this. The activation of the first six nozzles does not seem to have influ-
enced the development of the fire significantly, but the growth rate of the fire was slowed slightly
when all 16 nozzles were active. However, the fire continued to grow, attaining a peak heat-release
rate of over 60 MW some 12 minutes or so after the first nozzle was activated. After this time the fire
diminished in size over a period of 20 minutes. The fire did not spread to the target.

It would appear that the water mist did no more than slightly slow the growth of the fire. If, as
several dictionaries define it, ‘suppression’ is taken to mean ‘halt the growth of * or ‘reduce the
size of ’, then no suppressing effect was observed in this test.

Summary of the Marioff tests

Despite the fact that both the above tests failed to meet the success criteria (the first test failed
because the downstream temperatures exceeded 50°C at the specified location, the second test
failed because the fire consumed more than 90% of the fuel load and the downstream tempera-
tures exceeded 50°C), the Marioff paper (Tuomisaari, 2008) still presents these tests as successful,
as the fire did not spread to the target object in either test. Indeed, the paper states: ‘in the two
large fire test programs [referring also to the Hagerbach tests for the A86 tunnel] the fire propaga-
tion was stopped and the fire suppressed during system operation’.

FOGTEC tests for the SOLIT project

More than 50 full-scale tests were carried out at the San Pedro de Anes test tunnel for the SOLIT
project (Kratzmeir and Lakkonen, 2008). Few of the results are available in the public literature,
but the estimated heat-release rate graphs for two of the tests have been published. These tests
both involved a large fuel load of wooden pallets, similar to the tests carried out by Marioff.
The exact number and configuration of wooden pallets in the fire load is not stated. The two
tests differ because one was carried out with a tarpaulin over the fire load, and the other was
carried out without a tarpaulin.

In both instances the water-mist system was activated about 4 minutes after ignition, when the
heat-release rate was less than 10 MW. In the next 8 minutes of fire growth, the difference between
the two tests is not significant; in both tests the fire grew from about 10 MW to about 3540 MW
with the water-mist system active. Beyond this point, the water-mist system appears to have
controlled the fire load without the tarpaulin, causing a slow but steady reduction in the heat-
release rate from 35 MW to about 20 MW over 25 minutes. The fire in the case of the fire load
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with a tarpaulin continued to grow in severity up to about 55 MW over 10 minutes, although the
rate of growth to this point was slower than it was up to 35 MW.

A reference test done without sprinklers was also carried out, and in this case the fire was
extinguished after 8 minutes, by which time it had grown to about 25 MW. By comparison
with this reference test, it is clear that the water-mist system did slow down the fire development,
but the fire continued to grow in size considerably (to almost four times the heat-release rate) after
activation of the water-mist system.

Once again, these results are presented as being positive, as the fire did not spread to the adjacent
target object and because the conditions were such that the fire brigade could get close enough to
the fire to successfully fight the fire with the water-mist system in operation.

8.5.2.5 Runehamar Tunnel, Andalsnes, Norway, 2007-2008

A series of five large-scale tests was carried out in December 2007 and January 2008 in the
Runehamar Tunnel near Andalsnes, Norway (Lemaire and Meeussen, 2008, 2010). The tests
were commissioned by Rijkswaterstaat, the department responsible for tunnel safety within the
Ministry of Public Works of The Netherlands. The series consisted of three pool fire tests and
two tests with wooden pallets, with four of the tests having an estimated unsuppressed poten-
tial heat-release rate of 200 MW. The two main objectives of the tests were to determine the
suppression and extinguishing effect of a water-mist system on fully developed fires, and to
investigate the risk of a fuel tanker undergoing a BLEVE (boiling liquid, expanding vapour
explosion) in the locality immediately downwind of the fire. The tests were carried out by
SINTEF NBL, Aquasys and Efectis. The water-mist nozzles were arranged in three zones, with
a total spray length of 75 m. In some tests, foaming agents were added to the water supplied to
the nozzles. The experimental data were also used to assess the tenability conditions downwind
of the fire.

As in the water-mist test series described above, the ability of the water-mist system to reduce the
temperatures in the locality of the fire and downwind was clearly demonstrated. However, one of
the negative aspects of water-mist systems is clearly highlighted by this set of test results. While in
the three tests involving pool fires the fire was rapidly suppressed and extinguished by the water-
mist system, in the two tests with wooden pallets it was not, and this resulted in very high (‘lethal’)
levels of carbon monoxide for hundreds of metres downstream of the fire for an extended period
of time (up to the end of the test period).

The tests demonstrate the ability of water-mist systems to protect fuel tankers from the risk of
BLEVE, assuming that the system can be operated early. The only risk of BLEVE in any of
the tests was identified when the activation of the water-mist system was delayed until 7 minutes
after ignition.

8.6. Evaluation of fixed fire-fighting systems for tunnels

Some consistent outcomes can be drawn from the large-scale tests described above. The cooling
effect of the water spray on the tunnel environment in the presence of a fire was confirmed in all
the large-scale tests, for both traditional sprinkler and water-mist systems. The cooling effect
appears to be achieved by the water both blocking the heat radiating from the fire and by the
water directly cooling the air. Thus, these suppression systems are able to offer a degree of protec-
tion to the tunnel structure and also to people and vehicles in the vicinity of the fire. The ability of
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FFFSs to protect adjacent fuel tankers from the risk of BLEVE has been demonstrated, provided
the system is activated early enough.

It is generally observed that sprinkler and water-mist systems are able to extinguish or effectively
suppress open fires, such as pools of fuel (e.g. fuel spillages).

In Japan, the objectives of deploying sprinklers in tunnels are stated clearly as: to cool the
environment; to prevent fire spread; to protect the tunnel structure, and to protect tunnel
equipment. While the achievement of these objectives is generally confirmed by the large-scale
tests, there remain uncertainties and unknowns with FFFSs, particularly with regard to life
safety.

Although there are as yet no common standards for the deployment of FFFSs in tunnels, it is
commonly understood that extinguishing the fire itself may not be achievable with such systems,
and the role of the FFFS is thermal management in the tunnel. The final extinction of the fire
should be provided by mobile fire-fighting. Therefore, the role of FFFSs in tunnels has more to
do with fire control than fire suppression.

From a thermal management point of view, both traditional deluge systems and water-mist
systems are effective in cooling the air temperature, and sometimes in reducing the fire size.
While both water-mist and traditional sprinkler systems are effective in providing fire protection
for tunnels, the water-mist system seems, currently, to be preferred on the grounds that it uses
significantly less water, and thus smaller pipes and reservoirs are required.

Water-mist has better suppression effects on pool fires, and can extinguish pool fires and oil flow
fires. This can be attributed to the direct cooling effect of the water mist on the fire plume above
the pool, thus suppressing the fire by reducing the radiant heat transfer to the pool, thus reducing
the rate of production of gaseous fuel.

However, water mist appears to be less effective on solid fuels than are traditional sprinkler
systems. This is mainly due to the ability of the large drops of water from a traditional sprinkler
to penetrate the fire plume and provide direct wetting and cooling of the solid fuel surfaces.

8.7. Questions remaining

With the exception of the test series in the Hagerbach tunnel, and one or two tests done using
conventional sprinklers (in Japan and The Netherlands), the vast majority of suppression tests
in tunnels have used open fuel pools or piles of wooden pallets. One question that must be
raised is whether these tested fuel loads are in any way representative of real tunnel fire scenarios.

For example, in the Mont Blanc Tunnel fire incident in 1999 the initial truck load on fire was a
refrigerated trailer containing margarine and flour, and in the St. Gotthard Tunnel incident in
2001 one of the initial cargo loads involved was a trailer load of rubber tyres. To what extent
are such fuel loads represented by piles of wooden pallets? It is currently unknown if either
water-mist systems or traditional sprinklers could have dealt with these incidents, yet it is exactly
these types of incident that FFFSs are intended to prevent.

Much of the research on suppression systems has focused on open pools and wooden pallets,
under ventilation conditions with air speeds generally not higher than 3 m/s, so it may be

147

Copyright © ICE Publishing, all rights reserved.



Water-based fire-suppression systems for tunnels

reasonable to say that we understand the capabilities of FFFSs under these conditions and for
these kinds of fuel loads. What is of greater interest for future research is to identify the conditions
under which FFFSs could ‘fail’ in some way. For example, how large does an initial fire have to be
before it will spread to an adjacent vehicle, even with a suppression system active? Or, what kind
of HGV trailer constructions reduce the effectiveness of suppression systems?

One of the main areas of research still needing investigation is the influence of longitudinal
ventilation on the effectiveness of fire suppression. Are water-mist systems less effective with a
longitudinal air flow of 6 m/s than they are with a longitudinal flow of 3 m/s? Are traditional
sprinkler systems better than water-mist systems at higher ventilation velocities? Is there an
optimal ventilation flow for effective fire suppression?

Very small mist droplets are highly susceptible to longitudinal ventilation. Simple modelling
studies have shown that under ‘emergency’ ventilation conditions, a large proportion of water
mist droplets could be carried hundreds of metres downstream in the tunnel before they reach
the road level (Rein et al., 2008). This suggests that there may be a fundamental incompatibility
between higher ventilation rates and fine-water-mist suppression systems.

Another of the biggest unanswered (and rarely asked) questions is, for a given tunnel con-
figuration (length, slope, geographical location, number of lanes, ventilation conditions, etc.),
which is better, a traditional sprinkler or a water-mist system? At the time of writing, the preferred
option seems to be water-mist systems, but this appears to be based largely on economics and
on the marketing strategies of companies promoting water mist, not on any scientific basis.
Research should be aimed at investigating the most effective suppression systems for tunnel
applications.

Finally, the question of whether or not FFFSs should be considered as life safety devices still
remains to be adequately addressed. It is clear that water-mist systems (and, to a lesser degree,
traditional sprinkler systems) can substantially increase the levels of carbon monoxide produced
by a fire (especially if the fire is not extinguished), while effectively reducing visibility to only a few
metres in the operational zones. This will clearly hinder egress, and may endanger people trapped
downwind of the fire location. Therefore, from a life-safety perspective, is it desirable to delay the
activation of a FFFS until all (or most) of the tunnel users have evacuated the locality around the
fire? This question has been raised at international safety forums on a number of occasions,
without having ever been adequately answered. The current thinking seems to be that early
activation of a FFFS should control or minimise a fire, and thus minimise the risk to escaping
tunnel users. This strategy was clearly successful in the 2007 incident in the Burnley Tunnel,
but there is little other historical evidence to support or refute this position. As far as the authors
are aware, no water-mist system in a tunnel has yet been deployed during a fire incident.

8.8. Outlook

The benefits of FFFSs in tunnels have been clearly demonstrated, under a narrow range of
conditions, in large-scale tests. However, the FFFS technologies for tunnel safety are still in
their infancy, and there are not yet any generally accepted guidelines or standards for system
design.

Society seems to have decided that FFFSs are an acceptable and, indeed, desirable fire-protection
measure in tunnels, and many of the old justifications for not using sprinklers have been debunked
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or discarded. It is clear that water-based FFFSs will play a much greater role in tunnel fire safety
in the future. The challenge for the future is not whether FFFSs should be used, but rather which
types of FFFS should be used and in which tunnels. It is hoped that future research will push
towards a better understanding of fire suppression, and towards better systems that are designed
to work on a wider range of possible fire types.
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Chapter 9
Tunnel ventilation: state of the art

Art Bendelius
A & G Consultants, Inc., USA

9.1. Introduction

Webster’s dictionary defines ventilation simply as ‘circulation of air’. Ventilation does not
necessarily mean the use of mechanical devices such as fans being employed: non-fan or natural
ventilation is still considered to be ventilation. From that simple definition of ventilation, we move
forward to the ventilation of tunnels. The use of tunnels dates back to early civilisations, and so
too does ventilation in the form of natural ventilation. However, the ventilation of tunnels has
taken on greater significance within the past century, due to the invention and application of
steam engines and internal combustion engines, which are prevalent as motive power in the
transport industry. This all emerged as increasing quantities of combustion products and heat
became more troublesome to the travelling public.

Exposure to the products of combustion generated by vehicles travelling through a tunnel can
cause discomfort and illness to vehicle occupants. Ventilation became the solution, by providing
a means to dilute the contaminants and to provide a respirable environment for the vehicle
occupants. Visibility within the tunnel will also be aided by the dilution effect of the ventilation
air.

In the past quarter century, great concern has arisen regarding the fire life safety of vehicle
occupants in all transport tunnels. Much effort has been made to improve the fire life safety
within tunnels, thus focusing more attention on the emergency ventilation systems installed
within tunnels.

The use of the term ‘tunnel’ in this chapter refers to all transportation-related tunnels, including
road tunnels, transit (metro, underground or subway) tunnels and railway tunnels.

Road tunnels, from a ventilation viewpoint, are defined as any enclosure through which road
vehicles travel. This definition includes not only those facilities that are built as tunnels but
those that result from other construction such as the development of air rights over roads. All
road tunnels require ventilation, which can be provided by natural means, traffic-induced
piston effects and mechanical ventilation equipment. Ventilation is required to limit the
concentration of obnoxious or dangerous contaminants to acceptable levels during normal
operation and to remove and control smoke and hot gases during fire-based emergencies. The
ventilation system selected must meet the specified criteria for both normal and emergency
operations, and should be the most economical solution considering both construction and
operating costs.
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The portions of transit (metro) systems located below the surface in underground structures most
likely will require control of the environment. In transit (metro) systems, there are two types of
tunnel: the standard underground transit (metro) tunnel, which is usually located between stations
and normally constructed beneath surface developments with numerous ventilation shafts and
exits communicating with the surface; and the long tunnel, usually crossing under a body of
water, or through a mountain. The ventilation concepts for these two types will be different,
since in the long tunnel there is usually limited ability to locate a shaft at any intermediate
point, as can be accomplished in the standard underground transit (metro) tunnel. The character-
istics for a long transit tunnel will be similar to the ventilation requirements for a railway tunnel.

Ventilation is required in many railway tunnels to remove the heat generated by the locomotive
units and to change the air within the tunnel, thus flushing the tunnel of pollutants. Ventilation
can take the form of natural, piston effect or mechanical ventilation. While the train is in the
tunnel, the heat is removed by an adequate flow of air with respect to the train, whereas the air
contaminants are best removed when there is a positive airflow out of the tunnel portal.

9.1.2 Early ventilation concepts

The earliest evidence of the serious consideration of ventilation appeared in transit (metro)
tunnels, where the ventilation of transit (metro) tunnels was accomplished by utilising the
piston effect generated by moving trains and by constructing large grating-covered openings in
the surface, sometimes called ‘blow-holes’, thus permitting a continuous exchange of air (when
trains were running) with the outside and subsequently lowering the tunnel air temperature.
However, in the early part of the twentieth century, when the air temperatures in the tunnels
began to rise in both London and New York, mechanical means of ventilation (fans) began to
be employed.

One of the first formal ventilation systems in a road tunnel was in the Holland Tunnel (New
Jersey—New York) in the 1920s (Singstad, 1929). As a part of the planning and design process
for the Holland Tunnel, a series of innovative tests were conducted by the US Bureau of Mines
(Fieldner et al., 1927). The tests conducted included

m full-scale tests to determine the carbon monoxide generation rate
B tests on people to determine carbon monoxide criteria
m  scale-model tests to develop the coefficients for the pressure-loss equations.

The Holland Tunnel opened to traffic in 1927. The use of mechanical ventilation in road tunnels
coincided with the growing concern for the impact of the exhaust gases from internal-combustion-
engine-propelled vehicles in road tunnels.

9.2. Types of ventilation systems

There are two basic types of ventilation airflow systems used in transport tunnels: longitudinal
and transverse. In the longitudinal systems the air moves longitudinally through the tunnel;
while in the transverse systems the air moves both transversely and longitudinally, depending
on the type of transverse system employed.

®m  Longitudinal. The airflow is longitudinal through the tunnel and essentially moves the
pollutants and/or heated gases along with the incoming fresh air, and provides fresh air at
the beginning of the tunnel or tunnel section and discharges heated or polluted air at the
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Figure 9.1 Longitudinal ventilation configurations
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tunnel portal or at the end of the tunnel section (Figure 9.1). Longitudinal ventilation can
be configured either portal to portal, portal to shaft or shaft to shaft, as shown in Figure
9.1. The air entering the tunnel is at ambient conditions, and is impacted by the pollution
contaminants and the heated gases from vehicles moving through the tunnel, as clearly seen
in Figure 9.2. It is longitudinal airflow that is applied most often in transit (metro) and
railway tunnels, as the moving trains themselves create longitudinal air flow via what is

known as the ‘piston effect’.

B Transverse. Transverse flow is created by the uniform distribution of fresh air and/or the
uniform collection of vitiated air along the length of the tunnel. This airflow format is used

Figure 9.2 Longitudinal ventilation airflow characteristics
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mostly in road tunnels, although it is occasionally used for unique circumstances in transit
(metro) tunnels. The uniform distribution and collection of air throughout the length of a
tunnel will provide a consistent level of temperature and pollutants throughout the tunnel.
The transverse ventilation system can be configured as fully transverse or semi-transverse.

9.2.1 Mechanical versus natural ventilation systems

An evaluation of the natural ventilation effects in a tunnel must determine whether a sufficient
amount of the heat and/or pollutants emitted from the vehicles is being removed from
the tunnel during normal operations. Mechanical ventilation (or, possibly, cooling) is required
if the natural ventilation does not adequately remove the heat. However, the primary thrust of
current tunnel ventilation design is tied to the requirement for ventilation during fire-based
emergencies.

9.2.2  Natural ventilation

Tunnels that are naturally ventilated rely primarily on meteorological conditions and the piston
effect of moving vehicles to maintain satisfactory environmental conditions within the tunnel. The
chief meteorological conditions affecting tunnels is the pressure differential between the two
tunnel portals created by differences in elevation, ambient temperatures or wind. Unfortunately,
none of these factors can be relied upon for continued consistent results. A sudden change in wind
direction or velocity can rapidly negate all of these natural effects, including, to some extent, the
vehicle-generated piston effect. The natural effects defined above are usually, in the majority of
cases, not sufficiently reliable to be considered when addressing emergency ventilation during a
fire except in relatively short tunnels or in tunnels with unique potential smoke storage
configurations.

Naturally ventilated tunnels can be configured with airflow from portal to portal (Figure 9.3),
from portal to shaft or from shaft to shaft. As can be seen in Figure 9.4, the air velocity within
the roadway is uniform, and the temperature and pollutant level increase to a maximum at the
exit portal or at the end of the section. If adverse meteorological conditions occur, the velocity
is reduced, and the temperature and pollutant level are increased.

The benefit of the ‘chimney effect’ (‘stack effect’) of the ventilation shaft in a naturally ventilated
tunnel is dependent on air temperature differentials, rock temperatures, wind direction and
velocity, and shaft height.

A mechanical ventilation system has been installed in many originally naturally ventilated urban
road tunnels. Such a system is often required to purge the smoke and hot gases generated during a
fire emergency, and may also be required to remove stagnant polluted and heated gases or haze
during severe adverse meteorological or stalled traffic conditions.

Figure 9.3 Natural ventilation — portal to portal configuration
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Figure 9.4 Natural ventilation airflow characteristics
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The reliance on natural ventilation for tunnels should be carefully and thoroughly evaluated,
specifically the effect of adverse meteorological and operating conditions. If the natural mode
of ventilation is not adequate, a mechanical system with fans must be considered. There are
several types of mechanical ventilation systems, which are outlined below.

9.3. Mechanical ventilation

9.3.1 Longitudinal ventilation systems

A longitudinal ventilation system is defined as any system where the air is introduced to or
removed from the tunnel roadway at a limited number of points, thus creating a longitudinal
airflow within the tunnel. There are three distinct types of tunnel longitudinal ventilation systems:
those that employ an injection of air into the tunnel from centrally located fans, those that use jet
fans mounted within the tunnel cross-section and those that employ a push—pull concept.

The injection-type longitudinal system (Figure 9.5) has been used extensively in railway tunnels;
however, it has also found application in road tunnels. Air is injected into the tunnel through
a Saccardo nozzle at one end of the tunnel, where it mixes with the air brought in by the
piston effect of the incoming traffic and induces additional longitudinal airflow. The air
velocity within the tunnel is uniform throughout the tunnel length; and the level of pollutants
and/or temperature increase from ambient at the entering portal to a maximum at the exiting

Figure 9.5 Saccardo nozzle longitudinal ventilation system
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Figure 9.6 Jet fan longitudinal ventilation system
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portal. Adverse external atmospheric conditions can reduce the effectiveness of this system.
The levels of pollutants and temperature increase as the airflow decreases or the tunnel length
increases.

The jet fan longitudinal ventilation concept is based on the installation of a series of axial flow fans
(jet or booster fans) in series, within the tunnel, usually mounted at the tunnel ceiling or roof
(Figure 9.6). These fans have a high discharge thrust and velocity, which in turn induce additional
longitudinal airflow within the tunnel. Although these systems are primarily employed in road
tunnels, they have been used in special transit (metro) tunnel situations.

The longitudinal system with a shaft is similar to the naturally ventilated system with a shaft,
except that it provides a positive fan-induced stack effect.

The push—pull type of longitudinal ventilation system is employed primarily in transit (metro)
applications, where a series of ventilation shafts are constructed connecting the tunnel environ-
ment with the ambient environment (Figure 9.7). Reversible fans are installed in these shafts,
and ultimately operated to create a longitudinal airflow in the tunnel sections between the
shafts. The primary purpose for this mode of operation is usually to control smoke in the transit
(metro) tunnel during a fire emergency.

An alternative longitudinal system uses two shafts located near the centre of the tunnel or tunnel
section, one for exhausting and one for supplying (Figure 9.8). This configuration will provide a

Figure 9.7 Push—pull longitudinal ventilation system
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Figure 9.8 Two-shaft longitudinal ventilation system
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reduction in temperature and the pollutant level in the second half, because a portion of the tunnel
airflow is exchanged with ambient air at the shaft. Adverse wind conditions can cause a reduction
in airflow and a rise in the pollutant level and temperature in the second half of the tunnel, and
‘short-circuiting’ of the fan airflows.

9.3.2 Transverse ventilation systems

A transverse ventilation system is defined by the uniform distribution of fresh air and/or uniform
collection of vitiated air along the length of the tunnel. There are three system configurations in
use: fully transverse, semi-transverse — exhaust and semi-transverse — supply, as described below.

B Fully transverse ventilation systems. A fully transverse ventilation system incorporates a
full-length supply duct and a full-length exhaust duct, which achieves a uniform
distribution of supply air and a uniform collection of vitiated air (Figure 9.9). This system
was originally developed for the Holland Tunnel (New York). A pressure differential
between the ducts and the roadway is required to assure proper distribution of air under all
ventilation operating conditions. This system has been used primarily in long road tunnels,
and has limited application in transit (metro) and railway tunnels.

During a fire, it has been demonstrated, in the Memorial Tunnel Fire Ventilation Test
Program (MTFVTP) (Massachusetts Highway Department, 1995), that the dilution
provided by the supply element and the extraction provided by the exhaust element of a

Figure 9.9 Fully transverse ventilation system
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Figure 9.10 Supply semi-transverse ventilation system
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fully transverse ventilation system will not control smoke and heated gases from a large

fire. Most long tunnel systems employ the multiple-zone concept, where the ventilation

system in the fire zone is placed in exhaust mode and adjacent zones in supply mode, to
maximise the longitudinal airflow to limit the movement of smoke.

B Semi-transverse ventilation systems. Uniform distribution or collection of air throughout the
length of a tunnel is the chief characteristic of a semi-transverse system.

— A supply air semi-transverse system (Figure 9.10) produces a uniform level of pollutants
and temperature throughout the tunnel due to the fact that the air and the vehicle-
generated pollutants and heat enter the roadway area at the same relative rate. Supply
air is transported to the roadway in a duct, and uniformly distributed. During a fire
within the tunnel, the air supplied from a semi-transverse system will provide dilution of
the smoke. However, to aid in fire-fighting efforts and in emergency egress, the fresh air
should enter the tunnel through the portals to create a respirable environment for these
activities. For these reasons, the fans in a supply semi-transverse system should be
reversible.

— The exhaust semi-transverse system (Figure 9.11) will produce a maximum level of
pollutants and temperature at the exiting portal in a tunnel with unidirectional traffic.
In a tunnel with bi-directional traffic, the peak level of pollutants will occur somewhere
in the middle portion of the tunnel; the exact location will depend on directional traffic
volumes and meteorological conditions. In the event of a fire, the exhaust
semi-transverse system will extract smoke into the exhaust duct, but it will most likely
not control the smoke and heated gases from a large fire.

Figure 9.11 Exhaust semi-transverse ventilation system

Exhaust fan

L Uniform collection duct
Entering portal SIS SN /J/ Exiting portal
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Figure 9.12 Schematic of Sydney Harbour Tunnel ventilation system (Bendelius and Hettinger, 1988)
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9.3.3 System enhancements

While most of the tunnel ventilation systems developed over the last 50 years fit one of the system
descriptions noted above, there have been continuing efforts to examine enhancements, which
include the combination of several systems in the same tunnel in addition to some unique
concepts. Tunnel ventilation engineers have not been hesitant to seek appropriate solutions for
the specific tunnel situation. This is nowhere more evident than in Australia, where stringent
criteria based on the concern for the environment near the tunnel portals have forced the
tunnel ventilation engineers to use combined systems to minimise the portal emissions. This
began in Australia with the design and construction of the Sydney Harbour Tunnel in the late
1980s, where both transverse and longitudinal ventilation systems are employed, as seen in
Figure 9.12.

The application of single-point extraction (SPE) to road tunnels has increased since the successful
testing noted below. Austria is one of the countries that has used the concept extensively. Figure
9.13 clearly shows the installation of an SPE damper in the ceiling of the Katschberg Tunnel. The
Katschberg Tunnel is a 6 km tunnel with two unidirectional bores, and is on the A10 Tauren
Route in Austria. A view of the SPE damper from inside the tunnel overhead exhaust air duct
is show in Figure 9.14. The damper operator is located in the adjacent parallel overhead supply
air duct.

The increased use of extraction systems has been encouraged by the results from the several
extensive test programmes conducted, such as the EUREKA Programme (Studiengesellschaft
Stahlanwendung, 1995) and the MTFVTP (Massachusetts Highway Department, 1995). Results
of the MTFVTP clearly showed that the use of longitudinal ventilation to control the movement
of smoke and heated gases was extremely successful; that dilution, as provided by transverse
ventilation, had limited success (small fires only); and that extraction was very effective. In the
MTFEVTP, SPE was tested using both mechanical dampering devices and meltable panels. The
tests involving meltable panels were not successful, whereas the tests using mechanical dampering
methods were highly successful in demonstrating the effectiveness of SPE, a concept now being
employed in many tunnel retrofits. In addition, oversized exhaust ports (expansion of existing
normal exhaust ports) were also tested in the MTFVTP, with limited success.
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Figure 9.13 View of single point extraction damper in tunnel roadway (Katschberg Tunnel, Austria)
(Reproduced by permission of Peter Sturm of the Technische Universitat Graz)

Figure 9.14 View of single point extraction damper in tunnel exhaust air duct (Katschberg Tunnel,
Austria) (Reproduced by permission of Peter Sturm of the Technische Universitat Graz)
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9.4. Ventilation system components

Each tunnel ventilation system is composed of many components, such as fans, dampers, motors and
controls. There is also a history of development evident here. The fans considered for use in tunnels
have changed: originally, many were centrifugal; however, in the last 30 years the axial flow fan has
gained more prominence. This was spearheaded by the increased use of axial flow fans as jet fans in
longitudinal ventilation systems and the development of the 100% reversible fan for transit (metro)
applications. In addition, the ability to electrically reverse the flow direction of an axial flow fan
became of greater significance as the interest in fire and smoke control grew more intense.

9.4.1 Fans

A ventilation fan is a rotary, bladed machine that maintains a continuous airflow created by aero-
dynamic action. A fan has a rotating impeller carrying a set of blades that exert a force on the air
thereby maintaining the airflow and increasing the pressure. A fan is a constant-volume device,
since it delivers the same air volume regardless of the air density.

Two basic types of fans, axial and centrifugal, are used predominantly in tunnel ventilation
systems. The fan type selected is determined by the required airflow and pressure, the available
space, and the tunnel and ventilation building (structure) configuration.

9.4.1.1 Axial flow fan

The flow of air through this fan is virtually parallel to the impeller shaft. The radial component of velo-
city is nearly zero. The axial fan impeller with blades rotates in a cylindrical housing (Figure 9.15).

Figure 9.15 Axial fan configuration (Bickel et al., 1996)
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Figure 9.16 Centrifugal fan configuration (Bickel et al., 1996)
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Fans used in tunnel ventilation systems should be constructed to withstand the maximum pressure
and temperature anticipated. Flow reversibility is frequently required in a tunnel ventilation
system. An axial flow fan can be reversed electrically by reversing the rotation of the motor.

9.4.1.2 Centrifugal fan

A centrifugal fan has a wheel rotating within a scroll-shaped housing or casing (Figure 9.16). The
air enters the centrifugal fan parallel to the wheel shaft, and is discharged at 90° to the shaft.
Centrifugal fans can be single width or double width.

9.4.2 Dampers

A damper is a device used to control the flow of air in a ventilation system. The control of airflow
is accomplished by varying the resistance to flow created by the damper, much as a valve does in a
water system. There are two primary damper applications, flow shut-off dampers and smoke
dampers, utilised in tunnel ventilation systems. There are two general damper types, those
having sliding blades and those having rotating blades. The rotating type can be furnished
either with a single blade or with multiple blades. Dampers used in tunnel ventilation systems
should be constructed to withstand the maximum pressure and temperature anticipated.
Dampers and their operators are particularly critical in SPE applications, as described above,
as they are the device that must function if the system is to operate successfully in extracting
smoke.

9.4.3 Motors
Most tunnel ventilation fans are driven by electric motors. The selection of a motor for a fan is
based on the full-load horsepower requirements, the fan speed and the starting characteristics.
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9.4.4 System control

Tunnel ventilation systems can be controlled manually or automatically, and operated remotely
or locally. A basic operational philosophy is involved regarding whether there will be a human
operator continuously present at the tunnel control centre. Manually operated tunnels require
an operator to be present at all times, whereas fully automatic systems can function without
the attendance of an operator. However, fully automatic systems are not completely without
some human participation, in that a number of system operating conditions must be monitored
to prevent serious equipment breakdown.

9.5. Facilities

There are requirements for facilities to house fans and ancillary equipment and to transport the air
in all tunnel ventilation systems. These include ventilation buildings, ventilation structures,
ventilation shafts, fan rooms and ducts. The ventilation shafts can be with or without fans.
The extent of the facility needed will be determined by the type of ventilation employed and
the tunnel configuration. In tunnels employing jet fan longitudinal ventilation systems, there
will be no requirement for ventilation structures to house fans, but there may be a requirement
to house ancillary systems and equipment.

All of the facilities must be designed to provide ease of inspection and maintenance of the fans and
related equipment as well as sufficient access for replacement. Also, moisture on the emergency
control dampers may ice up the linkages or controllers during cold weather. The design of
these dampers must also include consideration of material strength and resistance to corrosion.
Dampers subjected to repeated stresses may be the most sensitive to this problem because of
corrosion fatigue.

9.6. Technology

Much has been technologically accomplished over the past 50 years regarding tunnel ventilation.
This technological growth has provided the ventilation engineer with new tools, guidelines and
standards to apply to the tunnel ventilation business.

In 1973, the British Hydromechanics Research Association (BHRA), which is now the BHR
Group Limited (BHRG), organised and held the First International Symposium on Aero-
dynamics and Ventilation of Vehicle Tunnels (ISAVVT) at the University of Kent at Canterbury
(BHRA, 1974). This was the first such symposium permitting tunnel ventilation engineers around
the world to meet and discuss pertinent topics. The event has continued and has been held every
3 years and is now being held every two years, and has become the primary venue for the
presentation, documentation and discussion of all new developments in the tunnel ventilation
industry (BHRA, 1974, 1976, 1981, 1982, 1985, 1988; BHRG, 1991, 1994, 1997, 2000, 2003,
2006, 2009, 2011). The most recent BHRG-sponsored International Symposium on Aero-
dynamics and Ventilation of Tunnels was held in May 2011 (BHRG, 2011).

9.6.1 Analysis

The initial computerised analytical tool to be developed for use in the tunnel ventilation field was
the application of one-dimensional network models, which had been used by civil engineers in the
water flow field for many years, to airflow in tunnels. A one-dimensional network model is
relatively simple, and when configured to address the airflow in a tunnel-shaft configuration,
much could be learned by its application. The most significant of the one-dimensional network
models for tunnel application is the Subway Environment Simulation Model (SES), developed
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as part of a research grant made available by the US Department of Transportation (Associated
Engineers, 1975). Up to this point in the history of tunnel ventilation, all calculations had been
performed by hand.

The analytical scene for tunnel ventilation changed dramatically with the application of
computational fluid dynamics (CFD) to tunnel ventilation. Although CFD had been used in
the aircraft industry for years, it has only penetrated the tunnel ventilation industry within the
last 15-20 years. The application of the many CFD models has changed the way the tunnel venti-
lation problem and solution, particularly in the case of a tunnel fire, is viewed. The animation
possibilities permit the understanding of the various phenomena by most, including the untrained.
They clearly and visibly evaluate and show the impact of ventilation on the control of smoke and
heated gases during a fire in a tunnel. It is necessary, however, for such models to be employed by
a knowledgeable user, to reduce the chance of misinterpretation of the results (see Chapter 15).

9.6.2 Handbooks, regulations, standards and guidelines

There are now numerous handbooks published both privately and by professional associations
that provide material addressing the issue of tunnel ventilation. A brief list of these documents
is given in Table 9.1.

The Subway Environment Design Handbook (SED H) (Associated Engineers, 1975) is a product of
the research grant that funded the development of the SES. The SEDH was the first comprehen-
sive such document addressing the ventilation and environmental control of transit (metro)
tunnels and underground stations. The SEDH provides a detailed description of the evaluation
and design process.

At about the time that the SEDH was under development, the National Fire Protection Associa-
tion (NFPA) in the USA was initiating an effort to develop a fire protection standard for transit

Table 9.1 Handbooks addressing tunnel ventilation and tunnel fire safety

Handbook title Edition Pertinent chapters Reference

Subway Environmental Design 1st Entire handbook Associated

Handbook, vol. 1. Principles and Engineers (1975)

Applications

Tunnel Engineering Handbook 1st Chapter 19, "Tunnel Ventilation’ Bickel and Kuesel
Chapter 20, ‘Fire Protection’ (1982)

Tunnel Engineering Handbook 2nd Chapter 19, ‘Fire Life Safety’ Bickel et al. (1996)
Chapter 20, ‘Tunnel Ventilation’

2011 ASHRAE Handbook — 2011  Chapter 15, ‘Enclosed Vehicular Facilities’  Owen (2011)

HVAC APPLICATIONS

Fire Protection Handbook 20th  Section 21.7, ‘Fixed Guideway Transit and  NFPA (2008)

The Handbook of Tunnel Fire Safety 1st

Fire Protection in Vehicles & 1st
Tunnels for Public Transport

Light Rail Systems’
Section 21.11, '‘Road Tunnels and Bridges
Entire handbook

1

Entire handbook

Beard and Carvel
(2005)

Alba Fachverlag
(2005)
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(metro) tunnels. In 1983, the first NFPA standard for transit systems was published as NFPA 130,
Standard for Fixed Guideway Transit Systems (NFPA, 1983). This standard has been updated on a
regular basis, and is in widespread use today, and is currently known as NFPA 130, Standard for
Fixed Guideway Transit and Passenger Rail Systems (NFPA, 2010), with the addition of passenger
rail systems including tunnels.

In the area of road tunnels, the NFPA published for several years, beginning in 1972, a tentative
standard, NFPA 502T, Tentative Standard for Limited Access Highways, Tunnels, Bridges and
Elevated Structures (NFPA, 1972), that was ultimately withdrawn in 1975. In 1981, it was
converted and republished as a recommended practice, entitled NFPA 502, Recommended
Practice on Fire Protection for Limited Access Highways, Tunnels, Bridges, Elevated Roadways
and Air Right Structures (NFPA, 1981). This document was completely revised in the 1990s,
and ultimately emerged as an NFPA standard: NFPA 502, Standard for Road Tunnels, Bridges
and other Limited Access Highways, which was first published in 1998 (NFPA, 1998). The latest
version of this standard has recently been published (NFPA, 2011).

The World Road Association (formerly the Permanent International Association of Road
Congresses), now known simply as PIARC, has for over 40 years, been publishing technical
reports on tunnels and tunnel ventilation in conjunction with its quadrennial World Road
Congresses. The PIARC Technical Committee on Road Tunnel Operations and its working
groups have published several important specific documents on tunnel fire safety and ventilation,
as listed in Table 9.2.

Many countries publish tunnel regulations, standards and guidelines, primarily for use in their
country; in addition, a number of international agencies also produce such documents. However,
many of these documents do provide an insight into numerous unique tunnel applications. A
partial list of such documents is provided in Table 9.3.

9.6.3 Testing

Within the past 20 years, there have been a number of significant full-scale fire tests involving
tunnels. Both the EUREKA test programme (Studiengesellschaft Stahlanwendung, 1995),
conducted in Europe, and the MTFVTP (Massachusetts Highway Department, 1995), conducted
in the USA, have returned tremendous benefits relating to the knowledge of fire behaviour in
tunnels. They have demonstrated clearly the ability of the tunnel ventilation system, when prop-
erly designed and configured, to control the smoke and heated gases resulting from a tunnel fire
(see also Chapter 10).

9.6.4 The future

The future for tunnel ventilation appears to be bright, as we continue to develop more advanced
analytical methods and tools. This is being accomplished along with the acquisition of more
actual test data to assist in testing the various models developed. It is the integrated evaluation
of safety elements that will continue to be critical. The industry can no longer simply evaluate
the emergency ventilation system independently based solely on the size of the design fire. The
tunnel safety industry must find the tools to be able to evaluate the combined integrated
impact of each system on its companion systems. The capability must exist to permit evaluation
of the impact of each of any proposed fire safety systems on the remaining systems. As an
example, these proposed fire safety systems could include emergency ventilation, egress route
and a fixed fire suppression system. In addition, there are several specific system improvements
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Table 9.2 World Road Association (PIARC) publications on tunnel ventilation and tunnel fire safety

PIARC publications PIARC
report
No.

Reference

Road Tunnel Committee Reports to World Road Congresses
Report to the XVth World Road Congress, Mexico City -

Report to the XVith World Road Congress, Vienna -
Report to the XVIith World Road Congress, Sydney -

Report to the XVIlith World Road Congress, Brussels -

Report to the XIXth World Road Congress, Marrakech 19.05.B
Report to the XXth World Road Congress, Montreal 20.05.B
Report to the XXIst World Road Congress, Kuala Lumpur 21.05.B
Road Tunnel Committee technical reports

Classification of Tunnels, Existing Guidelines and Experiences, 05.03.B
Recommendations

Road Tunnels: Emissions, Environment, Ventilation 05.02.B
Road Safety in Tunnels 05.04.B
Fire and Smoke Control in Road Tunnels 05.05.B
Pollution by Nitrogen Dioxide in Road Tunnels 05.09.B

Road Tunnels: Vehicle Emissions and Air Demand for Ventilation 05.14.B
Systems and Equipment for Fire and Smoke Control in Road 05.16.B
Tunnels

Integrated Approach to Road Tunnel Safety 2007R07
Road Tunnels: A Guide to Optimising the Air Quality Impact 2008R04
upon the Environment

Road Tunnels: An Assessment of Fixed Fire Fighting Systems 2008R07
Human Factors and Road Tunnel Safety Regarding Users 2008R17
Tools for Road Tunnel Safety Management 2009R08
Road Tunnels: Operational Strategies for Emergency Ventilation 2011R02

Road Tunnels
Committee (1975)
Technical Committee on
Road Tunnels (1979)
Technical Committee on
Road Tunnels (1983)
Technical Committee on
Road Tunnels (1987)
Technical Committee on
Road Tunnels (1991)
Technical Committee on
Road Tunnels (1995)
PIARC (1999)

PIARC (1995)

PIARC (1996a)
PIARC (1996b)
PIARC (1999)
PIARC (2000)
PIARC (2004)
PIARC (2007a)

PIARC (2007b)
PIARC (2008a)

PIARC (2008b)
PIARC (2008c)
PIARC (2009)
PIARC (2011)

that would enhance the ability to deal with tunnel fires, including developing better fire detection
systems that will properly function within the tunnel environment. The recent research conducted
on tunnel detection systems has clearly shown this need, particularly for road tunnels. Timely
detection ties directly into the appropriate timing of safety system deployment that needs to be
better understood and defined. When should the operation of the tunnel ventilation system and
the other safety systems be initiated in the event of a fire within the tunnel? There also needs to
be improved understanding of the appropriate design fire heat release rate for a specific tunnel.

168

Copyright © ICE Publishing, all rights reserved.



Tunnel ventilation: state of the art

(1002) VYISV
(£007) Uspams
(S007) uspams

(#002) VUNS
(8661) uteds
(9007) efenols
(9007) e1yenols
(8007) eIUSAOIS
(¥002) 4AN
(€661) 4AN

(9007/2661) uoneAsIuIWPY Speoy dijqnd

(1002) DV4VY

(5002) ¥suaipmnog SMY
(€661) INIM

(1007) uoneinossy peoy uedef
(G861) uoneossy peoy ueder

(6661) Aley

(€007) 929919

(200?) die1] Jo Ansiui [e1apad
(0002) S0/ 2lANd 40 Ansiuin
(#007) dlignday Yyoaz>

(5002) dl|gnday yoaz>

(l661) eNEOID

(8007) WL

(9002) (MSN) V.14

(1002) DV4V

sj[puuny peoy JO UOIE[IIUSA

A13J€S [2UUN| PEOY UO SuoiEINDIY

sjppuuny peoy ur A1a4es

sppuuny pjoO 40 buipesbdn) pue Map J0j UOLBIIDdS [BdIUYdS ] [BISUSD — QT [duun]
sjppuuny Jo uonessdp pue uondNIsuo) ‘ubisaq oyl 104 [enuepy

BIUSAOIS Ul UBISS( [auun] PeoY 10} Spuswaiinbay pue spiepuels [ediuyda ]

A134€S [UUN] PPOY UO SUIBPIND

sjpuuny peoy Jo ubisaq 104 pJepuels [esiuyda]

sfpuuny peoy 1oj +00Z 1daduo) A1ejes

s|puunj peoy JO UOIe[IIUSA

sjppuuny peoy — apino ubissg uelbamion

sjpuuny peoy 1o} saulspinD A1a4es aii4

sjpuun/ peoy JO UoielIus/ UO SUOEPUSWWOIDY

s|puunj peoy JO UOI1e[IIusA

sjpuun | peoy uo saijne4 fousbisw3 Jo piepuels A1ajes jeuoien

saulapInD ubisag UOIe[iIUS/A [auun |

sjeLd1ey\ snossbueq

buipiodsuel] SsdIys/\ 0] S2USISYSY JE[NDILIE] YUM S[auUN| Peoy Ui dijjel] Jo A1sjes
(SYI0/A [BD1UBYDBWIO.IIB[T) S|pUUN| — SYIO/) PeOY J0) saulfepinD ubiseq

s;puuny peoy Jo uoneisdp pue juswdinby oy ssulspinD

SHomiaN sAemybiH jeuonen ayi Jo spuun] oyl ur A1ojes

Juswdinb3 jpuuny peoy

sppuuny peoy sy} Jo ubissg

sjpuuny peoy 4o UondNJISUO) pue uoneledsid ubisaq 10} Spiepuels [eduyds] uo ssjny
UOIE[IIUSA [auuny saulspino ubisag

ubisag A19jes ail{ — edueping ubissag jauunj peoy

sjpuuny peoy 4o} saulspin A194es aii4

PUBISZUMS

USpams
uleds
BIUBAO|S

EIeA0|S
S9LIUNOD JIPION
AemioN
pueeaz mMaN
SpuelaylaN ayL
ueder

Aley

EREET]S)
Auew.an
ER=IN

dljgnday yr3z>
eieosd

eLsNy

eljelisny

saulapinb pue spiepuels ‘suoije|nbal jeuonenN

ERVEREICH]

911 UsWINd0Q

Aiuno>H

saullapING pue splepuels ‘suoieinbal [eqo|n £°6 a|gel

169

Copyright © ICE Publishing, all rights reserved.



Tunnel ventilation: state of the art

(1007) [PUNO) dlWouod3 NN
(e£007) DYVId

(6661) DYvId

(0102) VddN

(1102) Vd4N

(#007) uolun ueadoing

sjppuun | peoy ul A1d4es uo suRdx3 Jo dnoin 8y} JO SUOLePUSILIOIDY

sjpuuN peoy Ul j0J3U0D SYOWS pue a4l 104 Juswdinbj pue suwaisAs

sjpuuny peoy ul [0J3U0D IYOWS pue Sl

SWa1sAS J1ey 1abusssed pue jisuel] AemapinD paxi{ J0) piepuels

sAemybiH ssa23y pajiwi] 4Y10 pue sabplig ‘s|puunj peoy Joj piepuels

YIOMISN peoy ueadoin3-suel] ayl ul sjpuun o) sjuawiaiinbay A1ajes

WNWIUI Uo [12UnoD 8y} JO pue juswellied ueadoin ayi JO D3/rS/F00Z dMRIIT

suolleN pshun
Dydvid
J¥vid
VddN
VddiN

uolun ueadoing

saulapInb pue spiepuels ‘suone|nbal [euorreulalul

ERVEREICH]

ENMIRIE]T sblelq

fousby

(¥002) VAAH4
(6661) Auloyiny shkemybiH

saulfapIinD ubisaqg [auunj peoy
sobplig pue speoy 1o jenueyy ubissg

$91e15 palun
wopbury psuun

ERVEREICH]

ENMIRIE]T sblelq

Auno)H

psnunuod €6 9jgel

170

Copyright © ICE Publishing, all rights reserved.



Tunnel ventilation: state of the art

In addition, the fire smoke release rate and the fire growth rate must also be included in this
improved understanding in order to permit the design of a realistic integrated set of safety
systems. It is clear that with the continued development of analytical tools and methods the
tunnel ventilation engineer will ultimately be able to predict more accurately the interactions
between the tunnel fire and the tunnel ventilation system. Lastly, maybe the industry needs to
take a harder look at minimising the hazard rather than maximising the protection.
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10.1. Introduction

A series of major tunnel fires in Europe during the last 10-20 years showed the potentially serious
consequences of such incidents and highlighted the need for a reappraisal of the fire safety
philosophy for these structures. Although the majority of these incidents occurred in ‘older’
tunnels (the Mont Blanc and St Gotthard Tunnels, for example, were opened in 1965 and
1980, respectively), the Channel Tunnel fires in 1996 and later showed that state-of-the-art
transport systems are not immune from such events. Consequently, tunnel fire safety is currently
high on the European political agenda, as both trans-Alpine traffic and public apprehension
continue to increase. For example, the 11.6 km Mont Blanc Tunnel, originally designed for
450 000 vehicles per year, was used by some 1.1 million vehicles in 1997; similarly, annual traffic
levels in the 16 km St Gotthard Tunnel have more than doubled to 6.5 million per year since 1981
(Edwards, 1999). Neither is the problem of reduced public confidence limited to the familiar trans-
Alpine routes, since several major new tunnel projects are currently underway, some of great
length, and all the indications are that tunnel construction is set to increase worldwide in the
coming decades.

Due to the confined conditions, such fires can be more severe, in terms of rate of growth and
temperature, than equivalent fires in the open. This is clearly indicated by reference to the
proposed tunnel infrastructure fire resistance test protocols such as the Rijkwaterstaat (RWS)
curve (SINTEF, 1999), which involve more severe temperature—time exposures than the usual
hydrocarbon or cellulosic fire curves. In addition, the consequences may be more severe due to
difficulties in evacuating from the fire zone to a place of safety or due to transport of toxic
combustion products to locations remote from the fire.

In the early days of vehicle tunnel construction, few tunnels were equipped with any system of
forced mechanical ventilation. Reliance was placed on natural air movements induced by
differences in pressure due to elevation, temperature and meteorological effects at the tunnel
portals and/or the circulation produced by vehicle movements to refresh the tunnel with clean
cool air and to remove smoke and other pollutants.

However, as traffic levels grew, it became apparent, particularly for road tunnels in which usage
could be continuous and heavy, that such mechanisms could not always provide sufficiently
frequent air changes to maintain satisfactory air quality levels and ensure safe levels of irritant
and toxic pollutants, for example engine particulate emissions and oxides of carbon, sulphur
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and nitrogen. Consequently, for long road tunnels (though not at this stage for rail tunnels), parti-
cularly those in urban areas, the removal of such emissions became a major design consideration,
and mechanical ventilation systems optimised to this requirement were developed. These included
systems such as fully or semi-transverse ventilation, in which ventilating air was delivered to or
removed from various locations along the tunnel length by dedicated ducts incorporated in the
tunnel fabric. Guidance in designing systems against such requirements is summarised in
publications such as Bickel and Kuesel (1991) or those prepared, for example, by the World
Road Association (formerly known as the Permanent International Association of Road
Congresses and still known by the abbreviation PIARC) (World Road Association, 1996).

As a result of incidents in long single-bore, bi-directional road tunnels, some have advocated the
addition of a second and a third bore to serve as an additional uni-directional traffic tunnel and
a dedicated evacuation tunnel, respectively (i.e. a configuration similar to the Channel Tunnel).
Others support the introduction of additional mitigation systems in the form of active fire
protection (e.g. sprinklers or water mist systems), combined with improved fire detection and traffic
management, particularly for heavy goods vehicles (HGVs), which have been implicated in the most
serious of recent incidents. Proponents of rail freight suggest removing the HGV fire hazard from
road tunnels completely, by transferring all freight to the railways. Although the last of these might
be shown to be safer statistically, the loss of ten HGVs and their loads during the 1996 Channel
Tunnel fire shows that this is not a complete answer in itself. However, it should be stressed that
despite the seriousness of the incident, there were no fatalities in this case, although the result
might well have been different if the fire had started in a HGV close to the amenity carriage, instead
of towards the other end of the train. The Channel Tunnel fire is also relevant to the mitigation
argument, since it prompted Eurotunnel to explore the use of high-pressure water mist as an on-
board fire suppression system for the protection of its HGV shuttle fleet (Grant and Southwood,
1999). This on-board system was not installed, however (see Chapter 30).

Drawing on knowledge obtained from the general fire engineering field (Heselden, 1976), much
attention has been paid to the ventilation system and, particularly, its use to control smoke
movement to maintain a smoke free evacuation route for tunnel occupants. Regardless of
future developments in active and/or passive fire protection systems for tunnels, it is inevitable
that ventilation systems will continue to play a key role during ‘abnormal’ tunnel operations,
particularly during a fire, because they have a critical impact on incident management with respect
to both evacuation and subsequent fire-fighting/rescue operations. Thus, their use to mitigate fire
incidents is now one of the main considerations, if not the main one, in the design of a tunnel
ventilation system (World Road Association, 1999). Thus, the Channel Tunnel ventilation
system was developed with this in mind (Bradbury, 1998), and the revamped Mont Blanc
system has given smoke control detailed attention (Brichet ez al., 2002). The following summarises
the current state of knowledge regarding the response of fires in tunnels, paying particular
attention to the critical issue of smoke control.

10.2. Modes of operation of tunnel ventilation systems during a fire

The current state-of-the-art in tunnel ventilation has been described in Chapter 9. However a brief
resumé of the various design options is useful here as an aid to the subsequent discussion. In broad
terms, tunnel ventilation systems fall into one of two categories: either ‘natural’ or ‘mechanical’.
The first of these encompasses air movements induced by temperature or pressure gradients (i.e.
meteorological effects) and those induced by the tunnel traffic itself. Mechanical ventilation con-
figurations include: longitudinal, fully transverse, semi-transverse (and reversible semi-transverse)
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and partial- (or pseudo-) transverse, and comprise a combination of fans to move air and ducts/
dampers to deliver it to the required location.

10.2.1 Natural ventilation

Natural ventilation is common in ‘short’ tunnels, whereas mechanical ventilation becomes a
requirement for longer structures. Although the boundary between ‘short tunnels’ and ‘long
tunnels’ is somewhat fuzzy, some national guidelines have been established as an aid to designers
(World Road Association, 1999). In Germany, for example, tunnels between 350 and 700 m in
length do not require mechanical ventilation, whereas in the UK an upper limit of only 400 m
is allowable, provided there is sufficient technical justification. Under some conditions, ‘natural
movements’ may be significant. For example, in a 1 km tunnel with a gradient of 10%, a flow
of ~0.5-1 m/s may be set up due to static pressure differences at the portals. The flows produced
by vehicle movement will depend on a number of factors such as the vehicle speed, frequency and,
especially, the fit of the vehicle to the tunnel cross-section. Typically, for example, Torbergsen et al.
(2002) reported measurements in a single-bore railway tunnel, and found that, during passage of a
train with a cross-section ~30% that of the tunnel at 44 m/s, the flow velocity reached ~6.5 m/s
and decayed to background levels over the next 5 minutes or so.

The case for natural ventilation is based on the observation that hot smoke rises from a fire
towards the ceiling, where it ‘stratifies’ (i.e. forms a discrete layer under the tunnel ceiling) and
subsequently propagates longitudinally away from the fire. It is argued that this natural phenom-
enon can maintain a tenable environment for tunnel occupants at a lower level, thus facilitating
their escape from the incident site. This situation is shown in Figure 10.1. However, the spatial and
temporal extent of this phenomenon is highly variable, depending on such factors as fire size and
growth rate, tunnel dimensions and slope, boundary temperatures and, critically, on ambient air
movements (either natural or vehicle-induced). The main mechanisms by which the buoyancy of
the hot layer is eroded are heat transfer to the cooler walls coupled with increased turbulent
mixing at the interface with the fresh air layer beneath. Since both of these effects are proportional
to the length of travel of the hot layer, it is clear that the natural ventilation strategy becomes
increasingly risky in longer tunnels. Indeed, past experience shows that stable stratification of
smoke layers in tunnels may break down at relatively short distances from the fire, with the
smoke being subsequently recirculated to the fire zone after mixing with the colder air beneath.
In a relatively short time, conditions within a few hundred metres of the ignition zone may
have deteriorated to the point that neither evacuation nor fire-fighting are possible, and the
only recourse is to let the fire burn out — and bear the loss of both life and asset. In the case of
the Japanese experiments reported by Haerter (1994) and depicted in Figure 10.1, it can be
seen that stable stratification was maintained initially for a distance of 400-600 m from the fire,
but mixing and recirculation became problematic thereafter. For this particular tunnel/fire
combination, then, it seems that natural ventilation could be a viable option provided the fire
zone is never more than 400-600 m from a portal. Alternatively, where practical, vent shafts
may be sited at appropriate intervals down the tunnel to remove smoke before it fills the entire
tunnel height (Viot and Vauquelin, 2002). For greater smoke travel distances, the approach
becomes unreliable, and stable stratification may collapse before the smoke layer has a chance
to vent to atmosphere.

10.2.2 Mechanical systems
Where the use of mechanical ventilation is indicated, local smoke extraction from the incident site
is the ideal solution, since smoke obscuration is effectively eliminated during evacuation, and the
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Smoke stratification in a tunnel containing a 4 m? petrol pool fire with ambient air velocity
<0.5m/s (Based on Haerter (1994) Copyright SP Technical Research Institute of Sweden)
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fire-fighters” approach to the scene is then limited only by radiant heat levels. In the case of
transverse ventilation systems, this goal is achievable, at least in principle. However, for longi-
tudinal systems, smoke extraction is possible only where the incident occurs near the base of a
fan shaft (assuming the fan is capable of being run in exhaust mode); for ceiling-mounted jet
fans, ‘local extraction’ can only be achieved for the trivial case of a fire near a portal.

The advantage and disadvantage of the longitudinal system is that the traffic space also acts as the
ventilation duct, thus obviating the need for either a separate ventilation bore or a significant
increase in the size of the running bore (fans are usually mounted in shafts off the tunnel or are
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of the jet fan type with a relatively small diameter, which can be accommodated at intervals along
the tunnel ceiling). In fully transverse systems, the supply of fresh air and the extraction of vitiated
air takes place along the tunnel length via a system of adjustable louvres servicing two separate
plenums on opposite sides of the tunnel (usually either above a false ceiling or below floor
level). In this arrangement, the inflow and outflow rates of air per unit length of tunnel are iden-
tical, and the two air streams create a flow in the traffic space that is transverse to the longitudinal
axis of the tunnel. Semi-transverse systems are similar to the fully transverse case but with no dedi-
cated exhaust plenum; fresh air is added to the traffic space along its length, and the vitiated air
flows longitudinally towards the tunnel portals, where it is vented to the atmosphere. Where
reversed flow is possible, semi-transverse systems may draw fresh air into the tunnel via the
portals, while the polluted air is extracted along the length of the tunnel; usually, however, the
reverse-mode operation is used only in the case of a tunnel fire. Partial transverse systems have
characteristics that are somewhere between those of the fully transverse and semi-transverse
designs, depending on the ratio of the supply-to-exhaust rate along the tunnel axis. Transverse
systems are common in road tunnels but, for rail tunnels, they become prohibitively expensive,
and longitudinal systems dominate this area.

With a transverse system it is possible to extract smoke from the vicinity of a blaze into the exhaust
plenum (Chan et al., 1988) (Figure 10.2), but the operator of a longitudinal system does not have
the option of local pollutant extraction. Longitudinal ventilation can, however, be employed to
provide clear air upstream of the fire (Figure 10.3), creating a smoke-free escape route and
allowing the emergency services to attend the fire in the manner proposed by Fuller (1985/
1986) and Eisner and Smith (1954). The obvious drawback of this strategy is the possibility
that it may lead to a deterioration of the environment downstream of the fire where people
may still be trapped. The question then arises, “Which fan configuration is best?’, and indeed
the whole issue of fire emergency procedures is complex (Vardy, 1988). Notwithstanding this
important consideration, the ability to provide positive smoke control remains a key element in
the design of tunnel ventilation systems, the need for which is confirmed by experience. Many
examples of severe tunnel fires have been documented over the last half-century (e.g. Donato,
1972, 1975; Egilsrud, 1984; Chan et al., 1988; Channel Tunnel Safety Authority, 1997,
SINTEF, 1999; Lacroix, 2001; see also Chapter 1); the full range of forced-ventilation configura-
tions, including none at all, is represented in these incidents. An analysis of these events reveals a
consistent need for positive smoke control to enable the fire to be attacked quickly and effectively;
many of the incidents where this was not possible resulted in the abandonment of fire-fighting
efforts, with the fire being left to burn out.

Despite the apparent benefits associated with providing positive intervention, caution is needed in
using forced ventilation because high air velocities may ‘fan the flames’ (Parsons Brinckerhoff,
1996). In the case of the recent disaster in the Mont Blanc road tunnel, it does seem that the
fire was exacerbated by the inappropriate use of the tunnel’s semi-transverse ventilation system
(Lacroix, 2001). In this particular case, the disproportionately high rate of air supply through
the roadside ventilation slots created an excessive longitudinal airflow, which may have intensified
the heat release rate (HRR) of the fire. In addition, some of the reversible high-level exhaust open-
ings near the fire were left in supply mode, increasing the air supply and accelerating the vertical
mixing of the hot smoke layer into the traffic space below. Although there were additional factors
that may have led to the rapid growth of the fire and the high rate of smoke production, it is clear
that the Mont Blanc Tunnel ventilation system was not operating in the optimum ‘“fire emergency’
mode. The current PIARC recommendations (World Road Association, 1999) for transverse
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Common tunnel ventilation configurations: (a) longitudinal ventilation (jet fans); (b) fully
transverse ventilation (normal operation); (c) fully transverse ventilation (emergency operation in case of
fire); (d) semi-transverse ventilation (normal operation); (e) semi-transverse ventilation (emergency
operation in case of fire)
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systems are to set the extraction rate to maximum around the fire zone and simultaneously to stop
altogether any local fresh air supply. For all other zones remote from the fire, it is recommended
that the rate of supply of fresh air should be throttled back to between one-half and one-third of
the full capacity, to ensure that the induced longitudinal air velocities remain below 2 m/s (in order
to preserve the two-layer flow, which is of critical importance both during the evacuation phase
and in the subsequent fire-fighting operations). In the context of fanning the fire, the data from
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Typical longitudinal ventilation arrangements in tunnels: (a) longitudinal ventilation
(vertical fan shafts); (b) longitudinal ventilation ( jet fans); (c) longitudinal ventilation (vertical fan shafts),
emergency operation in case of fire; (d) longitudinal ventilation (jet fans), emergency operation in case
of fire
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the full-scale Memorial Tunnel Fire Ventilation Test Program (MTFVTP) (see Section 10.3)
showed that there was a generally sufficient quantity of combustion air within the tunnel itself
and that: “The possible increase in fire intensity resulting from the initiation of ventilation did
not outweigh the benefits’ (Parsons Brinckerhoff, 1996). It is the case, though, that the
MTEVTP series only involved pool fires, and it has been demonstrated by Carvel et al. (2001b)
that forced ventilation generally has a far more dramatic enhancing effect on the HRR of
HGYV fires than it does on the HRR of pool fires in tunnels (see Chapter 11).

Some tunnels make use of both longitudinal and transverse ventilation systems. In the Channel
Tunnel, for example (Figure 10.4), the normal ventilation system is of the non-reversible
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Figure 10.4 The Channel Tunnel: (a) general arrangement; (b) schematic of ventilation systems
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semi-transverse type. The fresh air intakes are sited at either end of the 37 km-long undersea
section of the tunnel, and these fans maintain the service tunnel (ST) at an ambient pressure
that is somewhat greater than the two running tunnels (RTs). The fresh air is subsequently fed
into the RTs via a number of air distribution units (ADUs), which are located within 38 of the
cross passages that connect the RTs to the ST. In normal operation, this is all that is required,
since the ‘piston effect’ of the trains ensures that pollutants in the running tunnels are initially
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well mixed with the fresh air and subsequently vented to atmosphere at the tunnel portals. Under
normal service conditions, there is also free circulation of air between the two RTs, via the piston
relief ducts (PRDs), located along the tunnels at ~250 m intervals and whose primary function is
to alleviate extreme air pressures in the RTs. In the event of a fire, the priority is to bring the
affected train to a controlled halt adjacent to the cross passages (which are located throughout
the entire length of the tunnels at ~375 m spacings). Thereafter, the PRDs are closed remotely,
to prevent the recirculation of smoke into the non-incident tunnel. Next, the supplementary venti-
lation system (SVS) in the incident tunnel is activated, which induces a longitudinal airflow over
the affected train and maintains smoke-free conditions upstream of the fire. Once these conditions
are confirmed, it is the task of the train crew to open the cross passage doors leading to the ST and
then assist the passengers to disembark towards the nearest cross passages and the ‘safe haven’ of
the ST. In the fire that occurred on a Eurotunnel HGV shuttle train on 18 November 1996, it was
necessary to open only one cross passage door, upstream of the fire near the front of the train,
since the HGV drivers were all located in the amenity coach just behind the forward locomotive.
This was fortunate, as there was a delay in establishing the correct longitudinal SVS airflow in the
incident tunnel (Channel Tunnel Safety Authority, 1997). In the event, the train crew managed to
evacuate everyone to the safety of the ST, and there were no fatalities, but they were exposed to
smoke.

Similarly, the revamped Mont Blanc system employs a combination of transverse and longitu-
dinal systems, to extract smoke at or near the fire, to ensure that both up- and downstream of
the fire remains smoke-free and to try to maintain near-zero velocities at the site of the fire (Brichet
et al., 2002).

10.2.3 Design objectives for smoke control

When a fire breaks out in a vehicle tunnel, the ventilation system must maintain tenable conditions
along the escape routes and any additional access routes used by the emergency services for fire-
fighting and rescue operations. They may also be used to maintain tenable conditions in any
temporary safe refuge. In the absence of adequate ventilation, the confinement afforded by a
tunnel increases the severity of problems faced by those evacuating and the emergency services.
These issues have been discussed by Fuller (1985/1986), following the Summit Tunnel fire in
the UK in 1984 (Pucher, 1994), and include the provision of adequate communications, access
to the site, the optimum duration for breathing apparatus, and the physiological and psycholo-
gical stresses associated with working in hot, dense smoke. Fuller considered that a reliable venti-
lation flow provided a significant tactical advantage when tackling such fires, by increasing the
visibility and diluting toxic and flammable fumes. Similarly, Eisner and Smith (1954) concluded
that it was essential for fire-fighters to be able to approach to within 11-14 m of an underground
mine fire in order to conduct an effective attack. Evidently, the ability to fight an underground fire
at relatively close range is assisted by the provision of forced ventilation, which improves the
visibility of the seat of the fire from the upstream side. However, progress can be impeded if
smoke moves against the ventilation stream due to buoyancy effects — a phenomenon known
as back-layering or smoke backflow. The design of a ventilation system to counteract back-layering
has traditionally been based on the provision of a minimum mean longitudinal air velocity in the
traffic space — the so-called critical velocity.

The last two decades have seen some fundamental changes in the design process for tunnel venti-
lation systems that can be explained by several factors.
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#m  The occurrence of numerous high-profile tunnel fires, many of which have resulted in
multiple fatalities.

B An increased awareness, by society in general, of life safety issues during fire emergencies.

®m  The worldwide increase in underground construction in general and the completion of
several major tunnelling projects in particular (e.g. the Channel Tunnel and trans-Alpine
links in Europe and the Boston Central Artery/Tunnel Project in the USA).

m  The maturation of fire safety engineering as a viable engineering subject and the
concomitant requirement for ‘performance-based’ fire safety solutions in modern
construction projects.

Prior to the 1980s, there existed scant full-scale experimental data concerning the interaction
between tunnel fires and ventilation systems; the two best known contemporary examples of
such studies are those performed in the Ofenegg and Zwenberg Tunnels in 1965 and 1975, respec-
tively. Both test facilities were disused single-track railway tunnels, and the tunnel lengths and
cross-sectional areas were 190 m and 23 m? (Ofenegg) and 390 m and ~20 m? (Zwenberg). Both
programmes employed mainly liquid fuels (petrol and diesel) during the tests, which numbered
11 for the Ofenegg experiments (Haerter, 1994) and 30 in the case of the Zwenberg trials
(Pucher, 1994). The stated aims of the Ofenegg and Zwenberg trials were also broadly similar.

®m  To determine the dangers facing tunnel occupants during a fire (in terms of temperature,
noxious gases, visibility and fire duration).

B To determine how various ventilation strategies affect the tunnel environment when a fire is
present, and hence to determine how best to improve life safety under such conditions.

m  To examine the effects of a fire on the tunnel structure and ventilation plant.

m  To investigate the influence of sprinklers in mitigating the adverse effects of a tunnel fire
(Ofenegg tests only).

Although providing useful data for the time, by today’s standards these experiments might be
considered somewhat rudimentary in nature, mainly due to the limitations of the instrumentation
employed and, in particular, the inability to measure the dynamic variation of the fire HRR
during the tests; it is now accepted that the HRR is the single most important parameter in
any fire safety problem. In addition, the cross-sectional areas of the test tunnels were considerably
less than those for typical two-lane road tunnels (45-60 m?). Notwithstanding these limitations,
the Ofenegg and Zwenberg experiments (plus a few other studies of a similar nature) effectively
comprised the entire ‘full-scale database’ on tunnel fire/ventilation interaction that was available
to designers, operators and researchers in this field. In addition, the limited full-scale data were
augmented by various small-scale investigations, driven primarily by the mining sector (e.g.
Eisner and Smith, 1954; Bakke and Leach, 1960; Leach and Barbero, 1964; Chaiken et al.,
1979; Lee et al., 1979), and some elementary theoretical modelling studies (e.g. Thomas, 1970;
Hwang et al., 1977, Kumar and Cox, 1986); this situation persisted well into the 1980s.

During this period, there existed limited ‘official’ guidance on defining and meeting tunnel venti-
lation design objectives, with the few quantitative ‘design rules’ being based necessarily on this
disparate data set. Notionally, road tunnel systems were covered by the various PIARC publica-
tions, while the Subway Environmental Design Handbook (US Department of Commerce, 1976)
was the primary reference for railway tunnel applications. In both cases, however, the design
objectives for ventilation systems are conventionally based on two operating conditions,
‘normal’ and ‘abnormal’. Under normal operation, the ventilation requirements for long road
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and rail tunnels are similar, i.e. to reduce the concentration of tunnel pollutants and to provide a
constant supply of fresh air to the tunnel occupants. Normally, the main pollutant in long railway
tunnels is heat, while the dilution of gaseous vehicle emissions (carbon monoxide, carbon dioxide,
nitrous oxides, etc.) is the prime concern for road tunnels. In the context of abnormal tunnel
operation, PIARC has developed a hierarchy of objectives for fire and smoke control (Lacroix,
1998)

to save lives by facilitating occupant evacuation

to facilitate rescue and fire-fighting operations

to avoid explosions

to limit damage to the tunnel structure, equipment and surrounding buildings.

Up until the late 1980s and early 1990s, the ventilation objectives for a new tunnel project would
be based on the PTARC recommendations and/or Subway Environmental Design Handbook. The
methods for achieving these broad objectives would be refined using the findings of contemporary
research such as the BHRA’s International Symposia on the Aerodynamics and Ventilation of
Vehicle Tunnels series (e.g. Heselden, 1976; Bendelius and Hettinger, 1988; Desrosiers, 1988)
and incidental publications from research institutions such as the Fire Research Station in the
UK (e.g. Spratt and Heselden, 1974). The details of the ventilation system would then be devel-
oped in the context of the overall tunnel system, in order to meet the specific system requirements.

Against this background, during the 1970s, the American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE) tasked one of its technical committees with the produc-
tion of guidance on the subject of smoke ventilation for ‘enclosed vehicular facilities’. Unfortu-
nately, the conclusion of this initiative was that some of the ‘rules of thumb’ that had been
adopted throughout the tunnel ventilation industry had limited scientific basis and that this
was particularly true for the ventilation criteria relevant to fire-based emergencies. In contrast
to the relative wealth of full-scale vehicle emissions data pertaining to pollutant control under
normal operation, it was realised that the accepted design ‘rules’ for emergency ventilation had
not been rigorously tested against comprehensive full-scale data. Despite an increased awareness
by society in general of life safety issues during fire emergencies, it was concluded that there was
‘no definitive and universally accepted consensus regarding the design and operation of ventila-
tion systems for road tunnel fire emergencies’. The ASHRAE technical committee also found
that ‘“The standards that have been applied to existing facilities have been based upon theoretical
analyses, empirical values and individual judgement and/or experience — not drawn from compre-
hensive testing.” Consequently, opinions differed regarding the capabilities of various types of
ventilation system to effectively manage heat and smoke and whether sprinklers could be a
useful addition to tunnel fire safety (Parsons Brinckerhoff, 1996).

This state of affairs led to the realisation in the USA that there was an important gap in the
knowledge with respect to the design of emergency ventilation for tunnels. It was concluded
that there was a pressing need to improve this situation, particularly given the reduction in vehicle
emissions which had taken place over the past three decades; hence the trend would be for emer-
gency smoke control to replace ‘normal running’ emissions dilution as the primary design driver.
The commitment to a full-scale test programme in the USA was finally undertaken during the late
1980s as a result of the proposed Boston Central Artery/Tunnel multi-billion dollar road tunnel
construction project (Luchian, 1992); it was considered that the latter project would benefit
greatly from the acquisition of new (full-scale) data on the interaction between tunnel fires and
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various ventilation configurations. The MTFVTP (Parsons Brinckerhoff, 1996) comprised a total
of 98 full-scale fire tests, conducted between September 1993 and March 1995 in a disused two-
lane highway tunnel in Virginia. The facility comprised a tunnel 850 m long with a 3.2% slope;
the cross-sectional areas of the two-lane roadway and the overhead ventilation duct were approxi-
mately 36 and 24 m?, respectively. The overhead air duct was divided into two by a centrally
located concrete dividing wall running the full length of the tunnel. The comprehensive test
matrix included transverse, semi-transverse and longitudinal ventilation régimes (including jet
fans which, though common in Europe, were virtually non-existent in the USA at the time)
with fires of nominally 20, 50 and 100 MW provided by liquid pools; the fire mitigation effects
of foam and sprinklers were also examined. The tunnel was comprehensively instrumented in
both the up- and downstream directions, with 15 instrument trees located at various cross-sections
throughout the length of the tunnel. Measured quantities included air velocity, gas temperature
and gas concentrations (carbon monoxide, carbon dioxide and total hydrocarbons); in addition,
the rate of fuel supply to the fuel pans was automatically adjusted to maintain a constant total fuel
mass in the pans so that the HRR of the fire was essentially constant throughout the test and could
be easily estimated.

Among the most important conclusions arising from the MTFVTP test series were as follows.

B A recognition of the need to determine emergency ventilation criteria based on the
individual tunnel physical characteristics and the tunnel ventilation system.

®m  The confirmation that jet fans are an acceptable smoke and heat management solution for
fires up to 100 MW (requiring a mean longitudinal velocity of 3 m/s for the Memorial
Tunnel geometry).

m A confirmation of the need to throttle the rate of fresh air supply when transverse systems
are used to extract smoke from the traffic space at a high level.

u  The realisation that the traditional ASHRAE recommendation on the minimum
longitudinal air velocity (critical velocity) required to prevent smoke backflow was not
valid as a general design criterion. While the 100 cubic feet per minute (cfm) per lane-foot
(~1.55 x 107> m?/s per lane-metre) was acceptable for some situations, it was found to be
clearly inadequate in other circumstances.

A further outcome of the MTFVTP tests was reported by PIARC (World Road Association,
1999): it was noted that above a certain fire size (i.e. heat release rate), and probably depending
also on the tunnel cross-section and slope, the dependence of the critical velocity on the HRR
was less than that predicted by the standard empirical design equation. This important discre-
pancy was also discussed by Grant et al. (1998) in a review of smoke control practice during
tunnel fires; this review considered experimental data obtained over a range of scales, and
concluded that ‘current design methods may be conservative, resulting in forced ventilation capa-
cities significantly greater than those required to control upstream smoke movement’.

The impact of this finding on current tunnel ventilation guidelines has now been evaluated by the
relevant PIARC committees and also by a Task Group of the National Fire Protection Associa-
tion on Ventilation and Tenability in order to develop suitable guidelines and standards such as
NFPA 130 (NFPA, 2003). This is important because conventional design practice for the tunnel
emergency ventilation requirement is largely based on the answers to two questions: ‘What is the
maximum size of any fire which might reasonably be expected to occur (i.e. the design fire) given
the use of the tunnel?” and “What corresponding magnitude of ventilation velocity is required to
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prevent smoke backflow?” Notwithstanding the progress that has been made in recent years, the
situation is somewhat more complex than these two simple questions might imply.

Thus, information on design fire sizes relating to road tunnels was first suggested by Heselden
(1976), but, since then, the EUREKA-EU 499 ‘Firetun’ project (Studiengesellschaft Stahlanwen-
dung, 1995) has yielded much more refined quantitative data on the heat release rates typical of
large fires in ventilated tunnels (e.g. French, 1994). Other information is also slowly becoming
available (Directorate-General for Public Works and Water Management, 2002; Huijben,
2002), particularly from a number of projects funded by the European Community — for example,
UPTUN. However, there is still uncertainty as to how the tunnel ventilation affects certain fire
characteristics, such as flame length, HRR, fire spread, smoke evolution and the ratio of
carbon monoxide to carbon dioxide production. These issues are explored in more depth in the
following, particularly in the light of the objectives set for the refurbished Mont Blanc Tunnel
ventilation system (Brichet et al., 2002), which define a more complete set of criteria. These are

®  to limit fresh air supply to the fire so as to limit fire growth

B to confine smoke to the smallest distance surrounding the fire location

m to provide tunnel occupants initially with escape routes with tenable levels of temperature,
toxicity and visibility from both up- and downstream of the fire, by allowing development
of ‘stratified’ hot layers

m at later stages to allow emergency personnel to approach and effectively fight the fire in
safety from close in, thereby minimising damage to the tunnel infrastructure.

At Mont Blanc, these demanding objectives will be achieved by computer control of an existing
transverse system configured to extract smoke with additional jet fans to provide additional
control. Figure 10.5 gives a visual representation of four ventilation configurations for this
system. In particular, Figure 10.5d shows how the system is used to confine smoke in a short
length of tunnel centred around the smoke extraction point.

Recently, the International FORUM of Fire Research Directors has recognised the complexity of
modern tunnel systems, and has set out a series of potential design requirements for tunnel fire
safety systems. In particular, for ventilation, it suggests that systems must be designed to
handle a wide variety of fire scenarios and have the additional capability to extract smoke from
a number of locations in the tunnel system (Ingason and Wikstrom, 2006). Any balancing long-
itudinal flow must be sufficient to maintain tenable conditions for stranded tunnel occupants and
fire-fighters. However it has also recognised the hazards of rapid fire growth, and additionally
suggests that designers should also consider the influence of the tunnel ventilation on fire growth.

10.3. Influence of ventilation on tunnel fire characteristics

The first requirement in the design of any tunnel fire emergency system is to specify the design fire;
this might be the maximum credible incident or the representative set of typical incidents that may
occur in the facility given its use, size and structure. For a fire, the specification should include, at
least, the variation of the HRR over time together with the rates of production of smoke and toxic
species. Ideally, there is now also a need to know how such a fire responds to changes in ventila-
tion, including the amount of smoke to be extracted and the way smoke may be controlled.

10.3.1 Variation of heat release with ventilation velocity
Surprisingly little information is available to add to the initial estimates produced by Heselden in
1976 to assist tunnel designers on the type and characteristics of fires that may occur in tunnels.
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From a consideration of the available fuel, Heselden suggested that a HGV and passenger
car might produce heat outputs in the region of 20 and 5 MW, respectively. As a result of
confinement, it is thought that fires in tunnels are more severe than equivalent fires in the open.
Due to the difficulties and expense of conducting large tests in such an environment, there are
few experiments to confirm this. Of the large test programmes carried out, many, such as the
MTFVTP and the UK Health and Safety Executive large experimental-scale test programme
(Bettis et al., 1994a), concentrated on smoke movement and control using well-characterised
pool and crib fire sources.

This situation was somewhat eased by the EUREKA 499 ‘Firetun’ project (Haack, 1994; Studien-
gesellschaft Stahlanwendung, 1995). This produced valuable practical data from a series of fires
on real vehicles in a disused mine tunnel in northern Norway. These tests produced maximum
HRR, smoke and toxic species production rates for a variety of vehicles, including a passenger
train coach (13.5MW), an underground railway/metro coach (35 MW) and a school bus
(29 MW), and culminated in a fire on a HGV laden with a cargo of furniture. This latter fire
produced a maximum heat output of at least 120 MW. These tests also produced data on the
rates of smoke production and the resulting tunnel optical densities from these vehicles.

However, despite the urgent need to examine the wide range of cargoes and investigate the
influence of a range of ventilation conditions, tunnel aspect ratios, etc., there was little follow-
on effort. In particular, since the increase in the forced ventilation flow was now one potential
response to mitigate the early stages of a tunnel fire incident, it was important to know how a
fire responded to an increase in longitudinal ventilation. In the absence of a large amount of
experimental data, Carvel et al. (2001a,b,c, 2004) employed a Bayesian statistical approach
combining expert judgement with the little existing experimental data in an attempt to answer
this question. They recognised that data were available from a number of different fire tests in
a variety of different tunnels under a range of different ventilation conditions, but there was no
coherent data set and no way of using such mixed data sets using traditional statistical analysis.
The methodology, assumptions and results of this study are described in Chapter 11.

Results from fires in a road tunnel in which some repeat fires were conducted at different ventilation
velocities have been presented in the Second Benelux Tunnel tests (Directorate-General for Public
Works and Water Management, 2002; see also Huijben, 2002). These fires involved simulated truck
loads, passenger cars and pool fires. For small fires, it was reported that ventilation had little effect
on heat output after about 20 minutes. Indeed, car and pool fire tests with forced ventilation gave a
lower heat output during that period. For truck loads there was a marked observed increase in the
rate of heat release. However, the increase of about 35% was not as severe as predicted by the model
of Carvel et al. These results have been supported by model-scale experiments carried out by
Ingason and Li (2010). They observed only a weak dependence of the HRR on ventilation in a long-
itudinally ventilated tunnel. They noted an increase in the maximum heat release of about 50% for
forced ventilation compared with a naturally ventilated tunnel. However, it should be noted that the
Second Benelux Tunnel tests were carried out in a two-lane tunnel, while the results of the study on
HGYV fires by Carvel er al. are for single-lane tunnels. These new experimental data (and others)
have been used by Carvel et al. to update the results of their study (Carvel et al., 2004). Also, it
should be noted that the tests made by Ingason and Li (2010) were at model scale.

Forced ventilation systems can affect fires in tunnels in many ways. In some instances, increasing
the ventilation velocity may cause a reduction in the severity of the fire; however, in other
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instances, increasing the ventilation velocity will cause the fire to engulf a HGV load more rapidly
or cause a substantial increase in the HRR of the fire. Adopting a fixed forced ventilation rate (e.g.
3 m/s, as recommended in some countries; Nordmark, 1998) in all tunnels may not be the most
sensible option: different tunnel fires respond to forced ventilation in different ways, and
the emergency ventilation system used in the event of a tunnel fire should be appropriate to the
specific fire scenario, wherever possible.

10.3.2 The influence of ventilation on fire spread

The development of fire depends on how rapidly flame can spread from the point of ignition to
involve an increasingly large area of combustible material. It is a very complex process even for
the simplest arrangements of fuels and environments. Drysdale (1998) has reviewed the main
factors controlling these processes. These fall into two main areas: those related to the fuel-
surface orientation, fuel thickness, density, thermal capacity and conductivity, and fuel geometry;
and those related to the environment, such as imposed radiative flux, fuel temperature, imposed
air movement and atmospheric composition. These factors are also likely to be important in a
tunnel environment but, due to the confinement, some, such as ventilation and imposed heat
flux, may be relatively more significant.

Historically, the problem of fire spread in a tunnel has received even less attention than fire size.
Before the Runehamar tests, the only known experimental study had been carried out in Finland,
and involved the spread of fire between a series of wooden cribs (Keski-Rahkonen et al., 1986).
Subsequently, experiments conducted in the Netherlands (Directorate-General for Public
Works and Water Management, 2002; Huijben, 2002) indicated that increased ventilation resulted
in little change in the development of smaller fires such as in passenger cars but substantially
increased the rate of development in larger loads such as HGV cargoes. Ingason er al. have
attempted to rectify this situation. They have carried out tests with wooden cribs in both full-
scale (Runehamar) and laboratory-scale tunnel fire test programmes (see Chapter 14 and Ingason
and Li (2010)). Their laboratory data show an important and clear linear increase in the fire
growth rate with increasing ventilation velocity. They found that doubling the ventilation velocity
produced a similar increase in the fire growth rate.

Due to this lack of data, Carvel et al. also applied their Bayesian techniques to the spread of fire
through a HGV (see Chapter 11). Their results suggest that the velocity of forced ventilation needs
to be kept as low as possible to minimise the rate of fire spread across a HGV.

Where a deterministic treatment of fire development is required, it is generally considered in very
simple terms. The analysis of the Channel Tunnel fire of 1996 by Liew et al. (1998) is a good
illustration, and demonstrates that little specific information is available for tunnels, with reliance
being put on a general fire engineering practice. They examined a number of modes for fire spread
along a rake of HGVs carrying a variety of loads including, among others, flame impingement on
downwind vehicles, propagation of burning brands or burning liquid, ignition of downstream
vehicles through exposure to some critical thermal dose, and a ‘flashover’-type mechanism due
to radiation from flames at the tunnel ceiling. (Strictly speaking, the concept of ‘flashover’ does
not apply to tunnels, as it is defined only in relation to compartments. For tunnels, it may be
better to refer to ‘major fire spread’ or ‘rapid major fire spread’.) By working from the damage
produced and timescales for fire development, they concluded that the major mode of fire
spread between vehicles was flame impingement. However, they also suggested that this might
only occur over a restricted window of ventilation velocities. Thus, at low velocities, flame
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impingement on the ceiling is likely, and propagation by a remote-ignition-type mechanism may
be more appropriate, whereas, at high velocities, flame lengths may be shortened and attached to
burning vehicles. Thus, a thermal dose mechanism might be more important. The flame length
used by Liew et al. was derived by reference to the little data available at the time from the
Hammerfest fire and the MTFVTP, and also drew on open-air crib and pool fires carried out
by Thomas (1963) and Pritchard and Binding (1992). This indicated a linear dependence on the
HRR and a decreasing flame length with increasing ventilation velocity. The flames were shorter
and were tilted in the direction of flow to a significantly greater extent than in the open. The model
took the form

L=L(Q/Qo)(u/ur) **

where L., Q. and u, are a reference length, the HRR and the velocity, with, respectively, values of
22m, 120 MW and 10 m/s.

Further data on flame lengths and tilt are given by Oka et al. (1998) and Kuwana et al. (1998), who
examined the variation of flame length and tilt for flames that both did not touch and touched the
ceiling. They obtained a similar dependence on the ventilation rate, though the dependence on the
HRR was somewhat weaker. Li ez al. (2010) and Wang et al. (2009) have also carried out similar
measurements to examine flame length and tilt in test facilities from laboratory to full scale and
covering a range of fire sizes. They have also examined the variation of the total heat flux at the
floor and the maximum ceiling temperature with ventilation velocity.

Ignition and fire growth criteria used by Liew et al. were based on standard fire engineering
practice and were independent of the tunnel ventilation rate. Thus, Following Heselden (1976),
ignition was assumed when a vehicle had been exposed to temperatures close to 600°C, identified
with impingement of the flame tip, for a prescribed time, and fire growth followed a quadratic time
dependence of the form o, with values of the growth constant « taken from standard literature
values with no allowance for possible enhanced spread due to the tunnel environment.

The only comprehensive treatment of fire spread in a tunnel has been that due to Beard (Beard,
1997, 1998, 2001, 2003; Beard et al., 1995). He has developed a suite of non-linear models of
thermal instability in fires to examine the ignition of objects downwind of an existing fire in a
tunnel. The series of models has been devised under the generic title ‘FIRE-SPRINT’, which is
an acronym for ‘fire spread in tunnels’. Longitudinal forced ventilation is assumed, and illustra-
tive simulations have been presented for a tunnel similar in size to the Channel Tunnel. The ‘A’
series of models assumes that the flame from an initial fire does not impinge on a target object
downstream whereas the ‘B’ series assumes flame impingement (see Chapter 16). For the ‘A’
series, a control volume partially surrounding the target object is assumed downstream of the
fire, and an energy conservation equation is used.

The ‘A’ series models determine how the temperature 7 of the gases in a control volume, partially
surrounding the target object, varies with the unenhanced source fire mass loss rate My,,. Thus,
fire spread occurs by a process of remote ignition through a build-up of heat around an object due
to radiation from the fire and hot combustion products. Under certain circumstances, Beard has
suggested that the variation of 7' with My, will produce the type of curve shown in Figure 10.6, a
so-called ‘S curve’ with two stable (solid) branches and an unstable (dashed) branch. In real terms,
the fire may be regarded as developing along the lower stable branch. When the unenhanced mass
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Figure 10.6 A typical (FIRE-SPRINT A2) 'S’ curve for a HGV in a tunnel subject to fire attack for a vehicle
separation of 8.75 m. The upper curve shows how the equilibrium temperatures of the system vary for
each assumed value of the unenhanced fuel mass loss rate at the upstream fire obtained from solution
of the energy balance equation. The solid lines show stable solutions; the dashed lines unstable
solutions. The lower curve shows the eigenvalue, which provides a numerical measure associated with
the nature and stability of the system. The negative parts of the curve show stable solutions. Spread of
fire is identified with transition from one stable part of the curve to the other (From Beard (1998), with
acknowledgements to ITC Ltd and the University of Dundee)
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loss rate reaches the lower fold point of the S curve, the system would jump to the upper stable
branch, this transition being interpreted as the spread of fire to the target object. This novel
way of investigating fire spread has several difficulties, most notably the requirement to signifi-
cantly simplify the equations for energy gain and loss within the control volume to make the
system tractable. This shows that care must be taken when choosing these. However, Beard
has codified the models and used them (see Chapter 16). Beard also found that the results were
sensitive to the assumptions used in the model. For example, the results are dependent on the
length of the control volume considered. In general, he found that for a tunnel similar in size
to the Channel Tunnel (near-circular cross-section with a diameter of about 7.6 m), then the
critical rate of heat release (Qy.) for spread to a HGV-like object increases with increasing
longitudinal ventilation velocity. That is, for spontaneous ignition.

The ‘B’ series models assume that the flame from the initial fire does impinge on the target object.
So far, there has been one model in the ‘B’ series: FIRE-SPRINT B1, which has largely the same
assumptions as FIRE-SPRINT A3, but additionally assumes a small but persistent flame
impingement from the initial fire onto the target object (Beard, 2003). The ‘B’ series models
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Table 10.1 Values of the critical HRR, Qs, found using FIRE-SPRINT A3 and FIRE-SPRINT BT,
compared with Runehamar experimental test results, assuming the ventilation velocity =2.5 m/s

Test Qc: MW Qsc: MW Qsc: MW
FIRE-SPRINT A3 FIRE-SPRINT B1 Experiment
T3 46 15 43 (observed directly)
T2 43 14 16 (inferred by experimenters)
T1 43 14 29 (inferred by experimenters)

have two control volumes: a large control volume similar to the one considered in the ‘A’ series of
models and a small control volume at the point of impingement. In reality, there would be cases
where flame impingement occurs but would not be persistent and other instances where the degree
of impingement would be much greater than currently assumed in the B1 model. It has been found
that the critical HRR (Qy) for spread in a tunnel similar in size to the Channel Tunnel increases
with increasing ventilation velocity, but Q. is considerably less when assuming flame impinge-
ment. However, it has also been found from a study that increasing velocity increases the prob-
ability of flame impingement (Carvel et al., 2005).

Until recently there had been no experimental estimates of the critical HRR for fire spread in a
tunnel, from an initial fire to a target object, with which to compare FIRE-SPRINT calculations.
The Runehamar test series (Lonnermark and Ingason, 2006) contained such estimates, and simu-
lations conducted on an a priori basis have been carried out. An a priori basis means (see Beard
(2000) and Chapter 29) that results from the tests being used for the comparison were not used in
constructing input to the simulations, and adjustments to the input to obtain a ‘good fit” were not
made. All FIRE-SPRINT models were run for each of three tests in the Runehamar series (T1-
T3), and approximate correspondences looked for (Beard, 2007). Table 10.1 provides some of the
results. For two tests (T2, T3), approximate correspondence was found, enabling inferences to be
drawn about whether ignition had been spontaneous or via flame impingement. For the third test
(T1), the experimental result was midway between predicted values for ‘spontaneous’ or ‘flame
impingement’. In this case, it might be inferred that ignition had been via a burning brand or
intermittent flame impingement.

The Runehamar test series gives one experimental set; it would be desirable to have replications.
In general, it is very important to have replications of tests because ostensibly ‘identical’ tests may
well produce quite different results. (See also Chapter 29.) Beyond the Runehamar tests, many
more experimental observations of critical HRRs are needed, covering different conditions.
Also, large-scale tests are needed, not just small-scale investigations.

10.3.3 Ventilation control of tunnel fires

It is known that under certain circumstances, fires in compartments undergo a transition to
ventilation-controlled burning. Thus, for a fully developed fire, the rate of burning is determined
by the maximum rate at which air can flow into the compartment. Such conditions are often
accompanied by the onset of external flaming, and if the supply of oxygen falls below that
required for stoichiometric burning, then the production rates of smoke and carbon monoxide
may increase significantly.
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The possible occurrence of ventilation-controlled burning conditions with a forced ventilated
tunnel fire is not settled. There are suggestions that periods during the Hammerfest HGV fire
exhibited some characteristics of ventilation-controlled burning, and some of the tests reported
by Bettis er al. (1994b) produced very low oxygen concentrations in the exhaust, and might, at
least, have produced some local ventilation control. Its importance has been demonstrated by
the one-dimensional energy balance model of Atkinson (1997), who showed that increasing the
ventilation to a ventilation-controlled fire could increase temperatures downstream and thus
increase the exposure of people there and/or any temporary safe refuge.

The importance of local ventilation control in ducts and tunnels has been highlighted in work
carried out for the mining industry (Hwang et al., 1991). Experiments were carried out in an
experimental duct and very high flame spread rates on conveyor belting were noticed when it
was raised towards the ceiling. In these circumstances, the flow in the belt—ceiling gap was
much reduced, and this in turn produced high fuel-air ratios, high levels of soot and radiant
fluxes, and enhanced rates of flame spread, often by a factor of up to five. Thus, there may be
occasions when such conditions occur within the confines of a transport tunnel, and further
work is necessary to fully understand the conditions that promote such rapid rates of flame
spread.

10.3.4 Control of smoke by ventilation

Following on from knowledge of the type and size of fire that can occur in tunnels, the other most
important piece of information required by tunnel designers and safety engineers is the way in
which a buoyant fire plume moves within the tunnel environment and how it interacts with a
forced ventilating flow. Since the realisation that a tunnel ventilation system could be used to
control smoke movement, this is a topic that has received increasing attention.

The issue of smoke control and, particularly, the ventilating flow required to prevent the backflow
of smoke from a fire has received great attention, especially the way in which it varies with the
HRR. Indeed, the topic was considered to be so important as to merit a seminar dedicated
solely to its discussion (ITC, 1996). In general, workers have concentrated on the critical velocity,
defined as that flow which just prevents any flow upstream of the fire. Much of the work has
been carried out at laboratory scale (Oka and Atkinson, 1995; Megret, 1999) since this is a
phenomenon where extrapolation to full scale can be easily justified by the use of Froude
number scaling. The use of small-scale experimental rigs has allowed a large number of situations
to be investigated, including different tunnel cross-sectional shapes, aspect ratios (Wu et al., 1997,
Wu, 2003), fire shapes and heights within the tunnel and slopes (Atkinson and Wu, 1996). The
main result from this work was that, at low HRRs, the critical velocity increased with the one-
third power of the HRR, but, at a certain fire size, it remained constant for further increase in
the fire size — the so-called ‘super-critical velocity’. The explanation for this effect is that the
transition in behaviours occurs when the fire is of such a size that the intermittent flaming
region impinges on the ceiling. At this stage the flame structure changes, not allowing smoke to
back up along the ceiling. Figure 10.7 clearly shows the form of this relation. The equations
relating the critical velocity and fire size are given by

V*(0)=0.40(0.20)"130*!*  for 0* < 0.20
V*(0)=0.40 for 0* >0.20

V*(0) = V*(0) (1 + 0.0149)
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Figure 10.7 Variation in the critical velocity with the HRR for a variety of experimental and large-scale
experiments. The behaviour at high HRRs is apparent (From Wu (2003) with permission)
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where 77*(0) is a non-dimensionalised critical velocity given by V/(gHp)"/? for a horizontal tunnel,
0% is a non-dimensionalised HRR given by Q/[pOCpTO(gH%)Uz], Hp is a tunnel hydraulic
diameter given by 4/4P, A is the tunnel cross-sectional area, P is the tunnel perimeter, 6 is the
tunnel slope in degrees, g is the acceleration due to gravity, po is the density of incoming air,
C,, is the specific heat of air and T is the temperature of the inflow.

Figure 10.7 also includes some larger-scale data obtained from large experimental facilities
(Hwang et al., 1991) and from the MTFVTP (Parsons Brinckerhoff, 1996). These are in reason-
able agreement and give supporting evidence for the constancy of critical velocity at high HRRs.

There is also work by Lee and Ryou (2004) that suggests that the critical velocity depends on the
aspect ratio of the tunnel, for a given value of the mean hydraulic diameter Hp (defined later in
this section). Kunsch (2002) has also produced simple correlations incorporating the tunnel aspect
ratio using a one-dimensional modelling approach.

There have been a number of further experimental tunnel fire programmes, at both full and
laboratory scale, that have further examined the variation in the critical velocity with fire size.
These have largely confirmed the relationship expressed above. Examples include work reported
by Li et al. (2010) and Wang et al. (2009).

A related but different quantity has been investigated by Telle and Vauquelin (2002), again using a
Froude-number-scaled laboratory scale rig. They have investigated the control of smoke using
transverse smoke extraction at the ceiling, and defined a velocity analogous to the critical
velocity — ‘the confinement velocity’. In this arrangement, backflowing smoke is extracted
upstream of the fire, and any flow beyond the vent is prevented by an induced longitudinal
flow into the tunnel through the portal. By reducing the extraction velocity, the length of
the smoke layer upstream of the extraction point is seen to increase. The advantage of this
arrangement is that the overall flow velocity at the fire is zero. Telle and Vauquelin have used
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helium—air mixtures to simulate the buoyant flow from the fire, and carried out experimentsina 1/
20th-scale rig modelling scaled fire sizes up to 20 MW. The functional form of the confinement
velocity was identical to that given by Wu et al. for low HRRs, with magnitudes agreeing to
within 10%. The transition to a constant confinement velocity at high HRRs was not observed,
though this is possibly due to the range of fire powers used in the experiments and differences
between the helium—air and real fire plumes.

Vantelon ef al. (1991) employed yet another approach. Again using a scale model, they attempted
to obtain a relation between the length of the backlayer L and the longitudinal ventilation
velocity. This was further investigated by Saito et al. (1995). They found that the length of the
layer, as expected, varied as the one-third power of the convective HRR (Q), and was inversely
proportional to the ventilation velocity u. The relationship took the form

LIR~ (gQ/pC,Tu’ R)*

where R is the tunnel radius and p, C}, and T are the density, specific heat and temperature of the
inflowing air, respectively.

Since only low heat outputs were used in this study, any transition to a constant value at high
HRRs was not observed. Li et al. (2010) have also examined the behaviour of backlayer length
using a laboratory experimental facility, and observed similar functional dependencies. They
reported the backlayer length as a function of the ratio of the longitudinal ventilation velocity
to the critical velocity. This work also indicated that at higher HRRs the behaviour of backlayer
length mirrored that of critical velocity in that there was a fire size above which the layer length
was constant. Their relationships took the form

L*=18.51n(0.810*'3/1*)  for 0* <0.15
L*=18.51n(0.43/V*) for Q* > 0.15

where L* is the non-dimensionalised backlayer length (L/Hp), and the non-dimensional HRR
and velocity are as previously defined.

Viot and Vauquelin (2002) have considered the use of smoke extraction in further detail, using two
vertical extracts of different widths, shapes and locations, positioned symmetrically around a fire.
They have examined the use of such extraction ducts in the natural ventilation mode. They found
that such a system had the advantage of preserving any stratification in the smoke layer, and that
it was possible to remove smoke from substantial 25-30 MW fires using such techniques,
preventing any smoke transport beyond the vent. The capability of the vents was largely depen-
dent on their length and height. Thus, the higher and longer the vent, the more efficient they were
in capturing smoke. However, Viot and Vauquelin indicated that further investigation was
required since vent performance was very sensitive to external influences such as the tunnel
slope and longitudinal movement due to pressure and temperature differences at the portals.

The use of forced ventilation for smoke control is currently being examined in greater detail by
various other workers and designers of specific new systems (e.g. Brichet et al., 2002; Weatherill
et al., 2002). Also, Ingason (2002) has investigated the use of a mobile fan to clear smoke and to
allow fire-fighting. In a 1.1 km tunnel of 50 m? cross-section, he used a fan of 30 m?/s capacity, and
found the velocity varied between 1.5 and 2.0 m/s. This cleared smoke from a fire of 2.6 MW
output in some 6—7 minutes. Elsewhere, the subject of jet fan performance has been widely
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addressed, especially the siting of fans for optimum performance in a fire relative to the tunnel
portal.

10.4. Modelling tunnel flows

To assess the hazards arising from tunnel fires and to plan effective mitigation strategies, it is
necessary to have a prior understanding of the behaviour of fire and smoke movement in
tunnel environments. It is not practicable to investigate every individual construction experi-
mentally, hence predictive models are required. These models range from simple empirical
relationships, through phenomenological or integral/zone models, to complex, three-dimensional,
computational fluid dynamics (CFD) simulations. All model types are potentially useful. Thus,
the simpler models are ideal for repeated applications, such as would be required in a risk
assessment, where cost and practicality are also important. CFD is expensive to apply repeatedly,
and so is used primarily as a research tool. Ideally, the requirement is for a well-tested, yet
accessible, suite of models for use in ventilation system design and emergency procedure
development.

The simulation of fires in longitudinally ventilated tunnels has received the greatest attention in
the literature; however, applications to transverse or semi-transverse ventilation systems have
been made. Close to the fire, the primary aim has been to predict the critical longitudinal
ventilation velocity required to halt the upstream movement of combustion products. The
more sophisticated models, typified by CFD analyses, have also captured details of the complex
flows in the immediate vicinity of the fire. Further downstream, where conditions are homoge-
neous, simple models have been devised to simulate the movement and dilution of combustion
products through a complete network of tunnels. Here, the physical basis of these diverse
models is described, their capabilities and inherent limitations highlighted, and applications
surveyed. Experimental testing of model predictions is required periodically to ensure the
reliability of the method.

10.4.1 Network ventilation modelling

Models such as SES, VENDIS-FS and MFIRE (Chang et al., 1990), developed by the US Bureau
of Mines, are more commonly used in the design of complete ventilation systems for tunnel
networks and for modelling the overall response of these networks to fire. Typically, these
models calculate the disturbed network ventilation in the event of fire and allow the user to
follow the downstream time development of smoke movement and its relative concentration.
For simulation purposes, the network of tunnels is considered to be composed of closed circuits
of airways intersecting at junctions. The equations for the conservation of energy for each circuit,
and mass conservation at each junction, are applied to give a system of algebraic equations that
are solved iteratively. Circulation fans can be included.

Network-based approaches generally provide no detail of the local fire-generated flows, nor their
interactions with ventilation (but see Chapter 17). This is because they assume that heat and
products of combustion are uniformly distributed over the cross-section and length of a tunnel.
Nevertheless, these techniques are useful for giving a global view of the consequences of fire in
a tunnel network, allowing evacuation strategies to be planned and assessed. In addition, they
can provide boundary conditions for more complex modelling methods. Network models
appear to have received limited experimental testing in the event of a fire, although there is
little reason to suspect that they would give misleading results — at least when combustion
products have cooled to near-ambient conditions. The only recent testing carried out has been
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that by Cheng et al. (2001), who used a scale model comprising a system of stainless steel
pipes 0.1 m in diameter providing 15 nodes and 27 tunnels, an axial fan and a 1 kW heater to
assess the model MFIRE. Cheng et al. used the flow rate and temperature to compare model
performance with experiment. They found good correlation for the former but poor agreement
for simulated and measured temperatures, probably due to scaling effects.

The Subway Environmental Simulation (SES) code, developed under the lead of Parsons
Brinckerhoff for predicting ventilation flows in tunnel networks, also includes a simple model
to calculate the critical velocity U, devised by Danziger and Kennedy (1982). Once again, this
is based on a Froude number modelling approach. The relevant relations are

U= Kek(§QH|CppoAT)"
T'=(Q/Copodu) + T

In the above, Q should again be the convective HRR from the fire, although this is not stated
explicitly by Danziger and Kennedy. The cross-sectional area of the tunnel appears as 4, and
K, is a ‘grade correction factor’, to be applied for fires in sloping tunnels, and derived from the
work of Bakke and Leach (1960), who studied methane layer propagation in sloping tunnels.
However, the magnitude of the density difference, and the nature of the source of the buoyant
flow, are very different in these two cases. It is by no means certain that gradient effects can be
represented in such a simple manner, nor even that Bakke and Leach’s data are relevant to
ventilated tunnel fires. The SES fire model predicts that the critical velocity ri